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PREFACE 

This  report  presents  a  detailed  account  of  the  project  activities 
concerning  the  relief  valve  contaminant  sensitivity  study.  Included  is 
the  background,  development,  and  presentation  of  the  new  proposed  SAE 
standard  test  procedure  for  the  contaminant  sensitivity  evaluation  of 
relief  valves.  Also  included  is  the  presentation  of  a  new  rating  system 
for  the  contaminant  sensitivity  of  relief  valves.  Verification  test 
data  is  included  to  reinforce  the  credibility  of  the  new  evaluation 
techniques  which  has  been  developed. 
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CHAPTER  I 


► 


SCOPE,  PURPOSE,  AND  PLAN  OF  ATTACK 

Due  to  the  vital  importance  of  overload  protection  in  all  hydraulic 
systems,  the  failure  or  malfunction  of  pressure  relief  valves  should  be 
guarded  against.  In  order  to  insure  the  reliability  of  a  pressure  relief 
valve,  such  valves  should  be  chosen  according  to  stringent  specifications 
and  ratings.  In  particular,  the  contaminant  sensitivity  of  pressure 
relief  valves  should  be  a  characteristic  highly  respected.  However, 
because  of  the  absence  of  an  industrially  acceptable  relief  valve  con¬ 
taminant  sensitivity  evaluation  technique,  this  crucial  concept  has 
largely  been  neglected. 

The  scope  of  this  study  was  to  develop  an  assessment  and  rating 
technique  for  the  contaminant  sensitivity  of  fluid  power  pressure  relief 
valves.  The  results  of  this  study  would  therefore  be  the  development 
of: 

1.  A  qualified  contaminant  sensitivity  test  procedure. 

2.  An  evaluation  technique  to  analyze  data  generated  with  this  procedure. 

3.  A  rating  system  which  could  be  used  for  direct  comparison  purposes 
and  which  could  be  used  to  specify  filtration  requirements. 

4.  The  ability  to  predict  the  life  of  a  relief  valve  given  any  field 
contaminant  level  and  duty  cycle. 

The  plan  of  attack  used  to  accomplish  the  scope  of  this  study  was 
to: 
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1.  Investigate  all  of  the  modes  of  failure  to  which  pressure  relief 
valves  are  susceptible. 

2.  Investigate  and  evaluate  all  previously  used  contaminant  sensitivity 
assessment  procedures  for  relief  valves. 

3.  Develop  alternative  test  and  evaluation  techniques. 

4.  Using  the  preceeding  information,  develop  a  new  test  and  evaluation 
technique. 

5.  Develop  a  computer  program  to  process  laboratory  data  into  the  de¬ 
sired  information. 

6.  Summarize  and  compare  the  contaminant  sensitivity  of  the  major 
designs  of  relief  valves. 
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CHAPTER  II 


■  *;< 


THE  MECHANISMS  OF  PERFORMANCE  DEGRADATION  IN  RELIEF  VALVES 

As  with  all  other  type  fluid  power  valves,  the  performance  of  pres¬ 
sure  relief  valves  is  adversely  affected  by  particulate  contaminants 
entrained  in  the  working  fluid.  The  degree  to  which  each  individual  valve 
is  affected  is  referred  to  as  its  contaminant  sensitivity.  For  relief 
valves,  there  are  two  basic  modes  by  which  performance  degradation  due  to 
contaminant  can  occur:  contaminant  lock  and  contaminant  wear. 

As  is  the  case  with  directional  control  valves,  if  relief  valves 
are  allowed  to  remain  idle  in  a  contaminated  environment  for  long  periods 
of  time,  the  pressure  regulating  poppets  and  spools  can  become  "silted" 
by  contaminant  particles  lodging  in  the  clearances  between  the  spool 
and  the  valve  housing.  If  silting  does  occur,  the  spools  become  jammed 
or  unable  to  move,  thus  creating  the  condition  of  a  total  loss  of  pressure 
relief  capability.  Even  though  this  is  potentially  the  most  catastrophic 
form  of  relief  valve  failure,  the  likelihood  of  contaminant  lock  occur¬ 
ring  in  a  moderately  clean  environment  is  very  small. 

Considering  the  other  mode  of  relief  valve  degradation,  contaminant 
wear  effects  are  less  drastic  than  the  results  of  contaminant  lock;  how¬ 
ever,  the  mechanism  of  contaminant  wear  is  constantly  working  despite 
even  a  moderately  clean  environment.  Because  the  condition  of  a  per¬ 
fectly  clean  fluid  in  the  field  is  unrealistic,  contaminant  wear  is 
a  process  which  cannot  be  eliminated,  only  retarded.  As  severe  as  this 
statement  might  seem,  the  effects  of  contaminant  wear  in  relief  valves 
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can,  however,  be  reduced  to  an  insignificant  level  given  the  proper 
protection.  From  this  discussion,  it  should  thus  be  apparent  that  of 
the  two  modes  of  failure  to  be  guarded  against,  performance  degradation 
due  to  contaminant  wear  should  be  recognized  to  pose  the  most  serious 
threat  to  the  reliable  operation  of  relief  valves. 

Therefore,  considering  the  phenomenon  of  contaminant  wear  in  more 
detail,  it  has  been  verified  that  the  wear  process  in  relief  valves 
can  be  divided  into  two  general  categories;  erosive  wear  and  three 
body  abrasive  wear.  These  two  forms  of  contaminant  wear  are  illus¬ 
trated  in  Figs.  [2-1]  and  [2-2].  Both  are  the  direct  result  of  leak¬ 
age  flow  and  relief  flow  past  the  initial  stage  of  a  relief  valve. 

These  flows  are  therefore  the  mechanism  by  which  contaminants  are  trans 
ported  into  the  valve.  As  shown  in  Fig.  [2-1],  erosive  wear  occurs  as 
the  result  of  contaminant  particles  striking  a  surface  and  rebounding, 
disapating  a  portion  of  their  energy  into  the  surface  in  the  form  of 
strain  energy.  As  is  the  condition  in  relief  valves,  this  cycle  is 
continuously  repeated  until  the  bombarded  surface  is  strained  past  its 
elastic  limit.  At  this  point,  each  additional  occurrence  results  in 
erosion  of  the  surface.  From  physical  observations,  it  has  been 
verified  that  for  the  poppet  section  of  relief  valves,  the  erosion 
process  eventually  results  in  the  "washing  away"  of  one  particular  side 
of  the  poppet.  This  can  be  explained  by  the  fact  that  erosion  is  a 
self-perpetuating  process.  Once  an  area  is  initially  eroded,  a  "least 
resistance"  flow  path  is  formed,  thus  gradually  channeling  more 
contaminant-laden  fluid  through  that  particular  area. 


SYSTEM 


Illustration  of  Erosive  Wear  in  Relief  Valves. 

Fiq.  2-1  Illustration  of  Erosive  Wear  in  Relief  Valves 


Considering  the  other  mode  of  contaminant  wear,  three-body  abra¬ 
sive  wear  occurs  whenever  particulate  contaminants  become  trapped 
between  two  moving  surfaces,  Fig.  [2-2].  Again  referring  to  the  case 
of  the  poppet  section  of  a  relief  valve,  in  its  regulating  state,  the 
poppet  is  continually  moving  back  and  forth,  seating  and  reseating 
against  the  control  orifice  as  necessary  to  maintain  the  desired  system 
pressure.  Each  time  the  poppet  reseats,  there  is  a  possibility  that 
as  the  two  mating  surfaces  come  into  contact,  contaminant  particles 
are  caught  between  the  two.  Depending  on  the  makeup  of  the  contaminant, 
either  the  valve  surfaces  are  yielded  or  the  particle  is  destroyed. 

In  both  occurences,  however,  the  surface  of  the  poppet  and  control 
orifice  are  left  impaired.  Abrasive  wear  is  also  capable  of  affecting 
the  control  piston  of  the  main  relief  section  of  pilot-operated  relief 
valves.  For  this  occurence,  the  pressure  differential  across  the 
piston  applies  the  driving  force  necessary  for  leakage  flow  around  the 
perimeter  of  the  piston.  As  with  contaminant  lock,  particles  are 
carried  into  the  annulus  between  the  piston  and  valve  body.  This  leak¬ 
age  flow  can  transport  enough  contaminant  particles  into  the  clearance 
that  three  body  abrasion  can  occur.  Abrasive  wear  in  this  area  would 
consequently  result  in  increased  amounts  of  leakage  flows  past  the 
piston. 

Of  the  two  modes  of  contaminant  wear  discussed,  the  degree  to 
which  each  occur  in  excess  of  the  other  has  not  been  determined.  Thus, 
the  report  will  henceforth  utilize  the  term  "contaminant  wear"  to 


include  both  mechanisms  of  relief  valve  performance  degradation. 


The  results  of  contaminant  wear  in  relief  valves  can  be  observed 
by  physical  performance  degradations  which  occur.  The  most  obvious 
performance  change  is  the  alteration  of  cracking  and  reseating  pressures. 
The  cracking  pressure  is  that  at  which  the  valve  poppet  is  forced  off 
its  seat,  thus  initiating  the  pressure  relief  sequence  of  the  valve. 

The  reseating  pressure  is  that  at  which  the  poppet  will  return  to  its 
seat,  thus  completing  the  pressure  relief  sequence.  The  change  in  these 
two  performance  parameters  can  be  attributed  to  the  "new  positioning"  of 
the  poppet  which  is  present  after  contaminant  wear  has  occured.  Once 
material  has  been  worn  away  in  the  critical  area  of  the  poppet  section 
(the  area  where  the  poppet  and  control  orifice  touch)  the  return 
spring  of  the  valve  gradually  advances  the  poppet  further  into  the  con¬ 
trol  orifice  until  it  again  reseats.  This  subsequently  exposes  more 
surface  area  of  the  poppet  to  the  pressurized  fluid  field.  The 
increased  area  creates  a  larger  force  on  the  poppet  than  was  present 
for  the  same  system  pressure  before  wear.  As  the  result  of  this  in¬ 
creased  force,  the  cracking  pressure  of  a  relief  valve  can  be  dras¬ 
tically  reduced.  Because  the  valve  now  cracks  at  a  lower  pressure,  the 
initial  pressure  setting  of  the  valve  is  lost.  In  this  case,  system 
pressure  can  be  restored  only  by  either  readjustment  or  replacement 
of  the  valve.  Contaminant  wear  on  the  poppet  also  causes  a  decrease 
in  the  reseating  pressure  of  a  relief  valve.  This  decrease  results  in 
longer  periods  of  time  required  for  the  valve  to  complete  its  pressure 
relief  sequence.  This  again  can  present  several  unwanted  problems. 


The  second  major  performance  change  due  to  contaminant  wear  in 
relief  valves  is  that  associated  with  the  pressure  versus  flow  charac¬ 
teristics  of  the  valve.  As  the  physical  shape  of  the  poppet  or  piston 
is  changed  due  to  wear,  the  flow  forces  acting  upon  them  are  also 
changed.  This  results  in  a  characteristic  alteration  of  the  shape  of 
the  pressure/flow  profile  of  the  valve. 

Thus,  the  conclusions  which  can  be  drawn  from  the  discussions  pre¬ 
sented  in  this  chapter  are: 

1.  Of  the  two  prevalent  modes  of  contaminant  sensitivity  to  which 
pressure  relief  valves  are  susceptible,  contaminant  wear  presents 
the  greatest  threat  to  the  normal  operation  of  this  component. 

2.  Three  major  performance  parameters  cracking  pressure,  reseating 
pressure,  and  the  pressure  versus  flow  characteristic-are  altered 
due  to  contaminant  wear. 
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CHAPTER  111 


INVESTIGATION  AND  ASSESSMENT  OF  EXISTING  RELIEF  VALVE 
CONTAMINANT  SENSITIVITY  TEST  AND  EVALUATION  TECHNIQUES 

For  this  research  study,  it  was  felt  that  in  order  to  optimize 
the  development  of  a  new  evaluation  technique  for  the  contaminat  sensi¬ 
tivity  of  relief  valves,  a  complete  review  of  all  existing  evaluation 
methods  should  be  conducted.  From  this  review,  the  faults  and  defi¬ 
ciencies  which  the  existing  techniques  exhibit  could  be  avoided  in  the 
new  procedure.  Also,  a  foundation  for  the  new  procedure  could  be 
based  on  the  positive  attributes  of  the  existing  procedures.  Therefore, 
this  chapter  deals  exclusively  with  the  discussion  of  the  two  basic 
philosophies  which  have  been  utilized  to  test  relief  val ves--static 
testing  and  dynamic  testing.  Each  method  will  be  examined  in  two 
parts--test  procedure  and  data  interpretation  technique. 

It  should  first  be  noted  that  the  titles  given  to  both  procedures 
are  descriptive  of  the  manner  in  which  the  relief  valve  being  tested 
is  operated  during  these  periods  of  time  in  which  contaminant  is  main¬ 
tained  in  the  test  system.  Therefore,  for  the  static  test,  the  test 
valve  is  maintained  at  one  static  operating  condition  for  the  duration 
of  the  test.  Whereas  for  the  dynamic  test,  the  test  valve  is  exposed 
to  a  cyclic  operating  condition.  The  static  test  uses  a  circuit  such 
as  that  illustrated  in  Fig.  [3-1].  This  circuit  was  designed  to  simu¬ 
late  the  working  cycle  of  pressure  relief  valves.  For  both  techniques, 
by  completely  closing  the  needle  valve  in  the  circuit,  all  flow  could 
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be  directed  through  the  test  valve.  The  static  test  procedure  simply 
calls  for  the  injection  of  a  set  amount  of  classified  contaminant  (AC 
Fine  Test  Dust)  into  the  test  circuit.  After  30  minutes  of  exposure  to 
the  contaminanted  fluid,  the  system  is  filtered  and  the  cracking  pres¬ 
sure  of  the  valve  recorded.  This  degraded  cracking  pressure  is  then 
compared  to  the  initial  cracking  pressure  of  the  valve.  This  process 
is  repeated  for  gradually  increasing  contaminant  particle  sizes. 
Termination  of  this  test  occurs  if  this  performance  parameter  degrades 
to  seventy-percent  of  the  initial  value.  The  test  flowrate  was  arbi¬ 
trarily  chosen  to  be  one-half  the  maximum  rate  value  for  the  valve. 

Data  derived  from  this  test  is  then  manipulated  into  a  value  referred 
to  as  the  contaminant  sensitivity  index  (CSI).  After  computing  the 
percent  performance  parameter  degradation  for  each  contaminant  size 
range  is  then  summed  to  yield  the  contaminant  sensitivity  index  for 
the  test  valve.  This  value  is  then  used  for  comparison  with  other 
relief  valves  tested  in  a  like  manner.  The  above  procedure  has  also 
been  followed  utilizing  the  reseating  pressure  as  the  observed 
performance  parameter.  Typical  test  results  from  the  above  procedure 
are  shown  in  Figs.  [3-2]  and  [3-3]. 

Making  a  general  assessment  of  the  static  evaluation  technique, 
although  the  basic  concepts  on  which  the  test  procedure  are  based  are 
sound  in  their  approach,  it  fails  to  justify  its  choice  of  certain  test 
conditions,  specifically,  the  test  flowrate  and  the  time  allowed  for 
contaminant  injection.  This  selection  was  apparently  the  result  of  a 
satisfaction  with  a  "comparative  approach",  on  the  Dart  of  the  test 
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originators.  Also,  a  weakness  which  has  been  determined  to  be  the 
single  largest  handicap  to  the  reliability  of  the  test  is  the  selection 
of  the  cracking  or  reseating  pressure  as  the  observed  performance 
parameter.  Although  these  pressures  are  vital  performance  character¬ 
istics,  test  data  have  proven  the  inconsistency  which  they  incorporate 
into  the  procedure.  This  is  basically  due  to  the  nature  of  events 
which  are  occurring  during  the  observation  of  the  cracking  or  reseating 
pressure.  At  this  point,  the  valve  is  at  its  "threshold"  region  of 
operation.  It  is  undergoing  the  change  from  a  passive  system  element 
to  an  active  pressure  regulating  system  element.  The  final  deficiency 
of  the  static  evaluation  technique  is  the  test  data  interpretation 
method  which  it  follows.  The  rating  index  (CSI)  which  is  derived  is 
simply  a  manipulation  of  numbers  without  any  theoretical  basis.  This 
aspect  alone  shows  the  static  approach  to  be  grossly  obsolete  in  today's 
technologically  advanced  world.  It  is  therefore  strongly  recommended 
that  this  data  evaluation  technique  be  avoided  in  any  future  data 
compilation  methods. 

Bearing  a  strong  resemblance  to  the  static  evaluation  technique, 
the  dynamic  approach  differs  only  in  the  actual  test  conditions  under 
which  the  test  valve  is  operated.  Whereas  the  static  test  maintains 
constant  system  operating  parameters  during  the  contaminant  injection, 
the  dynamic  test  exposes  the  test  valve  to  a  cyclic  pressure  condition. 
The  test  circuit  is  identical  to  the  static  test  circuit  except  for 
the  cyclic  flow  input  device  in  the  dynamic  circuit  Fig.  [3-4].  The 
rationale  for  conducting  the  test  in  this  manner  is  to  simulate  field 
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conditions.  Because  actual  field  operation  involves  unavoidable  pressure 
surges  which  cause  system  relief  valves  to  crack,  this  test  method  could 
generate  degradation  data  which  are  closer  to  actual  field  degradation 
levels.  The  test  flowrate  and  contaminant  injection  scheme  are  the 
same  as  the  static  test.  Observed  performance  parameters  are  also  the 
same.  Typical  test  data  are  shown  in  Fig.  [3-5].  If  these  similarities 
were  not  enough,  the  dynamic  procedure  also  utilizes  the  CSI  data 
evaluation  technique. 

Even  though  the  concept  of  a  dynamic  test  condition  is  justified, 
the  idea  of  having  a  device  which  could  vary  its  flow  input  frequency 
to  accurately  simulate  field  conditions  is  unrealistic.  As  concluded 
by  Foord  and  Tessmann  [  1  ]  in  a  previous  relief  valve  contaminant  sensi¬ 
tivity  study,  the  effects  of  a  dynamic  test  are  much  less  severe  than 
static  test  degradation.  This  is  attributed  to  the  "actual"  amount 
of  time  during  which  sensitive  areas  of  the  valve  are  exposed  to  con¬ 
tamination.  For  example,  if  the  test  valve  were  cycled  at  30  cycles 
per  minute,  the  exposure  rate  during  dynamic  testing  would  be  less  than 
25%  of  that  for  the  static  test.  Subsequently,  the  valve  should  only 
wear  25%  of  that  amount  which  would  occur  during  a  static  test.  This 
statement  thus  validates  the  assumption  that  of  the  two  modes  of  con¬ 
taminant  wear  possible  in  relief  valves,  erosion  effects  are  apparently 
much  more  detrimental  than  any  abrasion  action  which  might  occur.  Thus, 
from  this  point  forth,  performance  degradation  in  relief  valves  will 
be  assumed  to  mainly  result  from  erosive  wear.  This  assumption  does 
not  exclude  abrasive  wear  effects,  but  considers  them  negligible  when 
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compared  to  erosion  effects. 

Therefore,  considering  the  poor  data  interpretation  technique 
which  it  utilizes,  it  has  been  concluded  that  the  dynamic  evaluation 
technique  should  be  discontinued.  It  should  be  noted,  that  although 
the  consideration  of  field  duty  cycle  effects  on  the  degradation  of 
relief  valves  is  a  very  important  concept,  it  is  felt  that  its  effects 
can  be  accounted  for  elsewhere  in  a  data  evaluation  method. 

Summarizing  the  insights  gained  from  this  investigation,  the  new 
test  procedure  should  choose  its  test  parameters  using  a  theoretically 
justified  selection  process.  Secondly,  a  new  performance  degradation 
parameter  should  be  determined,  and  finally,  a  pressure  relief  valve 
contaminant  sensitivity  theory  must  be  developed.  In  general,  although 
the  existing  test  methods  are  basically  sound,  they  lack  the  theoretical 
insights  which  are  requisite  for  a  reliable  accelerated  degradation 
test. 
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CHAPTER  IV 


POSSIBLE  ALTERNATE  TEST  AND  EVALUATION  TECHNIQUES 

With  the  valuable  insight  gained  from  the  review  of  all  presently 
used  relief  valve  contaminant  sensitivity  test  and  evaluation  tech¬ 
niques,  it  was  possible  to  optimize  the  development  of  new  contingencies 
for  this  purpose.  Keeping  in  mind  the  inadequacies  of  the  present 
methods,  several  new  alternatives  were  conceived.  Although  the  data 
selection  and  interpretation  techniques  are  unique  for  each,  the  actual 
test  procedure  which  they  follow  is  basically  the  same.  Of  eight 
alternatives  initially  considered,  five  were  selected  as  candidates 
for  more  in-depth  study.  These  five  can  be  categorized  into  two  basic 
classes  according  to  the  performance  parameter  which  is  observed  in 
each.  They  are  the  static  performance  degradation  and  the  dynamic 
performance  degradation.  These  names  should  not  be  confused  with  the 
static  and  dynamic  testing  procedures.  This  usage  of  the  words;  static 
and  dynamic,  refers  to  post  degradation  performance  characteristics. 

In  other  words,  the  static  performance  degradation  approach  considers 
those  performance  parameters  which  can  be  monitored  while  the  test  valve 
is  in  a  static  operating  mode.  The  dynamic  performance  degradation 
approach,  on  the  other  hand,  monitors  those  performance  parameters 
which  are  related  to  the  dynamic  response  characteristics  of  the  relief 
valve.  The  data  acquisition  techniques  which  the  static  approach 
includes  are  pressure/flow  degradation  analysis  and  degradation  rate 
analysis.  The  latter  technique  is  further  composed  of  two  approaches, 
pressure  decrease  rates  and  relief-flow  increase  rates.  The  dynamic 
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approach  is  also  comprised  of  two  techniques;  step-input  response 
degradation  analysis  and  frequency  response  degradation  analysis.  All 
the  above  mentioned  data  acquisition  techniques  will  be  discussed 
individually  in  more  detail  following  a  discussion  of  the  previously 
mentioned  test  procedure  which  each  will  utilize. 

As  recommended  in  Chapter  III,  a  new  contaminant  sensitivity  test 
procedure  should  justify  its  choice  of  test  conditions.  Therefore, 
consideration  was  given  to  the  development  of  a  theory  by  which  to 
select  these  parameters.  The  approach  which  was  derived  is  based  on 
the  simple  fact  that  pressure  relief  valve  performance  degradation  is 
directly  proportional  to  the  amounts  of  relief  flow  which  pass  through 
the  valve.  Also,  considering  that  the  basic  motive  of  all  contaminant 
sensitivity  tests  is  to  accelerate  the  performance  degradation  of  the 
test  component,  this  is  enhanced  with  relief  valves  by  operating  them 
at  their  most  severe  conditions.  For  relief  valves,  this  would  be  the 
condition  when  the  maximum  rated  flow  of  the  test  valve  is  passing 
through  the  component.  Thus,  for  all  the  proposed  alternative  proce¬ 
dures,  this  would  be  the  standard  test  flowrate.  Because  this  flowrate 
simulates  the  most  severe  case,  the  degradation  data  which  would  be 
generated  using  this  parameter  would  also  represent  the  most  severe 
degradation  possible  for  a  valve.  Since  this  is  not  an  accurate 
representation  of  the  majority  of  field  applications,  it  would  be 
erroneous  to  claim  field  life  using  this  raw  data  alone;  however,  if 
duty  cycle  considerations  were  added  to  this  approach,  the  real  field 
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life  could  be  predicted.  Thus  from  extreme  laboratory  degradation  data, 
less  severe  field  degradation  can  be  interpolated  to  any  user's  appli¬ 
cation.  Th;s  consideration  greatly  enhances  the  value  of  test  data 
generated  using  the  maximum  rated  flowrate  for  the  test  valve. 

Also  neglected  in  the  present  test  procedures  was  the  justification 
of  actual  testing  time.  The  30  min.  time  period  for  exposure  to  con¬ 
taminant  was  not  based  on  any  particular  rationale.  Therefore,  it  was 
decided  that  test  time  would  be  set  at  the  amount  of  time  necessary 
for  relief  valves  to  exhibit  a  specific  degradation  tendency.  This 
value  would  necessarily  be  selected  only  after  many  experimental  tests. 

Thus,  with  the  exception  of  the  above  test  parameters,  the  remainder 
of  the  new  proposed  test  procedure  would  closely  resemble  the  previ¬ 
ously  described  static  test  procedure.  Hereafter,  the  new  test  will 
be  referred  to  as  the  "modified  static  test".  The  data  acquisition 
techniques  which  were  proposed  to  be  used  in  conjunction  with  the 
"modified  static  test"  will  be  discussed  in  detail  below. 

PRESSURE/FLOW  DEGRADATION  ANALYSIS 

As  discussed  earlier  in  Chapter  II,  the  result  of  erosive  wear  on 
the  sensitive  areas  of  relief  valves  can  be  observed  by  the  character¬ 
istic  alteration  of  the  pressure/flow  profile  of  the  relief  valve.  As 
a  valve  is  worn  by  the  contaminant,  the  pressure/flow  "signature"  of 
the  valve  has  been  observed  to  deviate  from  the  original  profile,  Fig. 
[4-1].  The  extent  to  which  this  "signature"  is  affected  can  be  con¬ 
sidered  to  indicate  a  relief  valve's  contaminant  sensitivity.  This 
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technique  thus  requires  the  monitoring  and  recording,  on  hard  copy,  of 
the  pressure/flow  profile  of  the  test  relief  valve  before  and  after 
contaminant  wear.  Using  the  test  circuit  shown  earlier  in  Fig.  [3-1] 
this  profile  is  easily  generated  by  utilizing  pressure  and  flowrate 
transducers  in  conjunction  with  an  X-Y  plotter.  Each  profile  derived 
after  a  contaminant  injection  is  then  compared  to  the  initial  pressure/ 
flow  profile  and  a  percent  change  calculated.  The  exact  location  of 
the  point  to  be  monitored  was  dependent  upon  the  results  of  experi¬ 
mental  tests  to  determine  the  most  consistently  sensitive  portion  of 
the  pressure/flow  profile  for  several  test  valves.  (This  experimental 
verification  will  be  discussed  later.)  This  point,  which  would  be 
determined,  would  thus  be  standardized  in  much  the  same  way  as  the 
cracking  and  reseating  pressures  were  previously  standardized  in  the 
static  test  procedure. 

DEGRADATION  RATE  ANALYSIS 

Due  to  the  fact  that  all  relief  valves  are  constructed  differently, 
the  rate  at  which  internal  parts  are  eroded  due  to  contaminant  is  an 
individual  characteristic  of  all  valves.  More  specifically,  the  wear 
rates  for  different  size  contaminant  particles  would  also  be  unique 
for  all  valves.  This  subsequently  results  in  characteristic  performance 
degradation  rates  which  all  relief  valves  exhibit.  Thus,  performance 
degradation  rates  as  a  result  of  contaminant  wear  can  be  utilized  as 
the  criteria  by  which  to  compare  the  contaminant  sensitivity  of  relief 
valves. 
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As  presented  earlier,  it  has  been  verified  that  the  pressure/flow 
signature  of  a  relief  valve  is  altered  as  a  result  of  contaminant  wear 
effects.  In  the  majority  of  cases  observed,  maintaining  a  constant 
relief-flow  through  the  test  valve  during  a  period  of  exposure  to  con¬ 
tamination  resulted  in  a  noticeable  decrease  in  the  system  pressure 
which  the  test  valve  can  maintain.  Fig.  [4-2].  Conversely,  main¬ 
taining  a  constant  system  pressure  resulted  in  an  increase  in  relief- 
flow  rates.  Fig.  [4-3].  Thus  these  two  types  of  degradation  can  be 
considered  as  the  performance  parameters  to  observe.  Therefore,  the 
data  aquisition  procedure  would  consist  of  either  of  two  approaches, 
pressure  degradation  rate  analysis  or  relief-flow  increase  rate  analysis. 

For  the  pressure  degradation  rate  analysis,  the  test  valve  would 
be  exposed  to  contamination  while  constantly  maintaining  the  maximum 
rated  relief  flow  through  it.  During  this  period  of  exposure,  the 
system  pressure  would  be  constantly  recorded.  This  process  is  repeated 
fnr  several  different  size  ranges  of  classified  test  contaminants. 

From  plots  of  system  pressure  vs  exposure  time,  the  degradation  rates 
for  each  size  injection  can  be  determined.  Those  values  can  then  be 
used  for  comparison  with  other  valves  tested  in  the  same  manner.  Also 
from  this  degradation  rate  information,  field  life  can  be  predicted. 

Considering  the  relief-flow  increase  rate  analysis,  the  initial 
pressure  at  the  valve's  maximum  rated  flow  is  the  pressure  level  main¬ 
tained  for  all  contaminant  injections  during  the  test.  For  this  tech¬ 
nique,  during  the  contaminant  exposure  periods,  the  relief  flowrate 
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is  constantly  recorded.  In  the  same  manner  as  with  pressure  degrada¬ 
tion  rates,  the  rate  of  increase  of  relief  flow  as  a  function  of  time 
can  be  derived  for  each  contaminant  size  range  injection.  Also,  given 
a  prescribed  level  of  relief  flow  which  is  unacceptable,  the  life  of 
the  relief  valve  can  be  predicted. 

DYNAMIC  RESPONSE  DEGRADATION 

One  characteristic  of  all  physical  systems  is  the  manner  in  which 
each  responds  to  a  forced  input.  When  this  characteristic  is  consid¬ 
ered  in  a  time  based  analysis,  this  property  is  referred  to  as  the 
dynamic  response  of  the  system.  This  property  can  be  further  divided 
into  two  more  specific  categories--step  response  and  frequency  response. 
The  step  response  is  merely  the  manner  in  which  a  system  reacts  to  a 
sudden,  or  step,  input.  The  frequency  response  is  the  manner  in  which 
a  system  reacts  to  a  series  of  inputs,  whether  cyclic  or  a  succession 
of  step  inputs.  Both  approaches  utilize  specific  performance  para¬ 
meters  to  assess  the  dynamic  response  of  the  system.  Because  pressure 
relief  valves  are  merely  a  combination  of  several  physical  elements 
(springs,  masses,  dampers)  they  can  be  considered  as  simple  mechanical 
systems.  Therefore,  since  all  systems  are  different,  the  dynamic 
response  is  a  characteristic  which  would  be  unique  in  all  aspects. 

As  discussed  in  Chapter  II,  sensitive  areas  of  relief  valves  are 
eroded  away  as  the  result  of  fluid  contamination.  This  removal  of 
material  thus  changes  the  shape  and  mass  of  those  sensitive  areas. 

It  is  therefore  reasonable  to  expect  the  dynamic  response  character- 


istics  of  a  relief  valve  to  be  altered  as  a  result  of  contaminant  wear. 
Just  as  with  degradation  rates  and  pressure/flow  profile  changes,  the 
degree  to  which  the  dynamic  response  is  affected  is  characteri sticly 
unique  for  all  relief  valves.  Thus,  this  type  performance  character¬ 
istic  can  be  utilized  in  a  contaminant  sensitivity  evolution  procedure. 

First  considering  the  step  input  response  analysis,  by  applying  a 
step  pressure  input  to  the  valve  and  recording  the  resultant  system 
pressure,  such  characteristics  as  percent  overshoot,  rise  time,  delay 
time,  and  settling  time  can  be  observed.  From  this  observation,  an 
important  parameter  in  system  control  theory  known  as  the  damping 
coefficient  can  be  derived.  This  quantity  is  simply  a  measure  of  the 
ability  of  a  system  to  check  the  vibration  or  oscillation  of  the  system. 
Thus,  using  the  modified  static  test  as  described  earlier  as  the  means 
to  expose  the  test  valve  to  contaminant,  followed  by  the  examination 
of  the  step  response  characteristics  in  clean  fluid,  this  procedure 
would  generate  data  that  would  accurately  represent  the  contaminant 
sensitivity  of  the  valve.  Fig.  [4-4]. 

Now  considering  the  frequency  response  analysis,  following  expo¬ 
sure  to  contaminant  by  the  modified  static  test  procedure,  the  relief 
valve  is  subjected  to  cyclic  pressure  inputs  of  varying  frequency.  At 
each  observed  frequency,  the  system  pressure  which  is  maintained  is 
monitored  and  recorded.  As  shown  in  Fig.  [4-5],  the  relief  pressure 
of  a  valve  will  decrease  as  the  frequency  of  inputs  increases.  This  is 
the  result  of  the  configuration  of  which  relief  valves  are  composed. 
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Fig.  4-5  Frequency  Response  Characteristics 


As  discussed  earlier,  a  relief  valve  can  be  thought  of  as  a 
mechanical  system  composed  of  spring,  mass,  and  damping  elements  Fig. 
[4-6].  This  system  is  essentially  considered  as  a  second-order  system. 
The  response  of  this  order  system  is  directly  related  to  the  damping 
coefficient.  For  such  systems,  the  magnitude  of  the  damping  coeffi¬ 
cient  is  determined  by  the  combination  of  all  it's  constituent  mechan¬ 
ical  elements.  Finally,  the  stability  of  these  systems  is  controlled 
by  this  parameter.  If  the  damping  coefficient  is  decreased,  the 
stability  is  also  decreased,  and  vice  versa  if  the  damping  coefficient 
is  increased.  This  instability  results  in  over  amplification  of 
forced  inputs  to  the  system.  In  other  words,  if  under  static  condi¬ 
tions,  an  input  of  magnitude,  F,  causes  an  output  of  magnitude,  x. 

For  the  same  magnitude  of  input  but  at  a  cyclic  frequency  of  occurence, 
the  output  magnitude  will  increase.  In  the  case  of  relief  valves,  the 
input  can  be  thought  of  as  the  force  applied  to  the  poppet  or  spool 
due  to  system  pressure.  The  actual  output  is  the  movement  of  these 
parts  which  all  relief  valves  rely  on  to  relieve  excessive  system 
pressure.  Because  this  movement  is  directly  observable  as  the  relief 
pressure  of  the  valve,  the  output  of  this  system  can  be  thought  of  as 
the  relief  pressure.  Thus  if  a  cyclic  input  is  applied  to  a  relief 
valve,  the  force  required  to  initiate  movement  of  the  poppet  or  spool 
toward  it's  relief  position  is  reduced.  Therefore,  for  relief  valves, 
the  result  of  a  cyclic  pressure  field  is  a  decrease  in  the  relief 
pressure  of  the  valve.  The  precise  frequency  response  of  relief  valves 
is  therefore  a  performance  characteristic  which  is  also  unique  for  all 
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valves.  Since  sensitive  areas  of  relief  valves  are  eroded  due  to 
contamination,  the  magnitudes  of  the  masses  and  damping  of  the  system 
will  be  changed.  This  will  subsequently  change  the  frequency  response 
of  the  valve.  A  combination  of  this  degradation  data  selection  tech¬ 
nique  and  the  modified  static  test  procedure  would  present  a  very 
discriminating  method  to  analyze  the  contaminant  sensitivity  of 
pressure  relief  valves.  Again,  this  data  would  be  considered  using  a 
degradation  theory  in  order  to  predict  field  life. 

Summarizing,  contaminant  sensitivity  assessment  procedures  can  be 
considered  to  be  comprised  of  three  separate  analyses;  test  procedure, 
data  aquisition,  and  data  interpretation.  Each  part  contributes 
equally  to  the  quality  of  the  assessment  procedure  as  a  whole.  This 
chapter  has  presented  alternatives  to  the  test  procedure  and  data 
aquisition  in  an  attempt  to  upgrade  the  present  techniques.  The 
revised  test  procedure  discussed  and  the  five  data  aquisition  analyses 
described  are  certainly  capable  of  increasing  the  reliability  and 
discrimination  of  degradation  data  over  the  present  techniques.  Thus, 
all  that  remains  in  the  development  of  an  entirely  new  assessment  pro¬ 
cedure  is  the  selection  of  one  of  the  five  data  aquisition  approaches 
and  the  development  of  a  relief  valve  performance  degradation  theory 
to  interpret  this  data.  Both  of  these  areas  are  covered  in  the 
subsequent  chapters. 
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CHAPTER  V 


Vi 


SELECTION  OF  A  NEW  TEST  AND  EVALUATION  TECHNIQUE 
Selection  of  a  Test  Method 

After  considering  the  alternative  data  aquisition  techniques 
presented  in  Chapter  IV,  it  was  evident  that  all  were  acceptable  as 
standard  procedures.  Thus,  selecting  only  one  of  these  required  con¬ 
sideration  of  the  actual  feasibility  to  accomplish  the  evaluation  set 
forth  in  each. 

The  frequency  response  degradation  analysis  requires  a  variation 
in  the  frequency  of  pressure  inputs  to  the  test  valve.  Because  the 
frequencies  which  would  be  required  are  very  high  and  would  need  to  be 
variable,  the  requirement  to  construct  such  a  versatile  high  speed 
actuator  wou'd  be  both  expensive  and  difficult.  This  consideration 
eliminated  the  frequency  response  analysis  as  a  feasible  method. 

For  the  step-input  analysis,  a  high-speed  measurement  instrument 
would  be  required  in  order  to  "catch"  the  very  quick  response  of  most 
relief  valves.  The  speed  requirement  of  this  kind  of  instrumentation 
is  beyond  the  X-Y  recorder  which  is  usually  used  in  industry,  thus  not 
feasible  for  standardized  testing. 

Of  the  variations  of  the  static  performance  analysis  which  were 
considered,  the  pressure/flow  profile  degradation  analysis  was  chosen 
as  the  best  alternative.  This  decision  was  based  on  the  basic  ideal 
which  this  procedure  follows.  This  procedure  was  superior  to  the 
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degradation  rates  analysis  by  being  better  suited  for  interfacing  with 
a  relief  valve  performance  degradation  theory.  The  amount  of  instru¬ 
mentation  required  to  conduct  this  analysis  is  either  less  than  or  the 
same  as  all  the  other  techniques.  For  the  pressure/flow  degradation 
analysis,  all  that  is  required  is  a  contaminant  insensitive  flow 
measuring  device  and  a  pressure  measuring  device.  These  two  components 
were  also  a  requisite  for  the  other  analysis  techniques.  Thus,  with 
this  basic  approach  in  mind,  a  series  of  experimental  tests  were 
conducted  to  optimize  and  formalize  the  exact  set  of  steps  which  would 
be  followed. 

Experimental  Tests 

As  mentioned  during  the  discussion  of  the  pressure/flow  degradation 
analysis  in  Chapter  Iv,  in  order  to  simplify  the  analysis  of  this 
technique,  a  single  coordinate  on  the  pressure/flow  profile  should  be 
determined  with  which  to  evaluate  performance  degradation.  This  point 
would  be  chosen  as  that  which  consistently  illustrates  the  highest 
degree  of  degradation  as  a  result  of  contaminant  wear  effects.  This 
point  would  then  be  the  standard  by  which  to  evaluate  all  relief  valve's 
sensitivity  to  contaminant. 

In  order  to  determine  the  most  sensitive  point,  experimental  tests 
were  conducted.  The  experimental  test  procedure  which  was  followed 
was  similar  to  the  modified  static  test  introduced  earlier.  This 
procedure  produces  the  maximum  rate  of  performance  degradation  possible 
for  the  test  valve. 
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Therefore,  operating  at  their  maximum  rated  flow,  16  relief 
valves  were  tested.  Each  test  consisted  of  30  minute  periods  of 
running,  using  discrete  size  ranges  of  AC  Fine  Test  Dust  including 
0-5,  0-10,  0-20,  0-30,  0-40,  0-50,  0-60,  0-70,  and  0-80pm.  With  the 
information  gained  from  these  tests,  the  location  of  the  most  sensitive 
point  could  be  determined.  After  a  period  of  break-in,  or  until  the 
test  valve  exhibited  consistent  operating  characteristics  in  clean 
fluid,  the  pressure/fl ow  profile  of  the  test  valve  was  recorded  by 
X-Y  plotter.  This  recording  was  repeated  following  filtration  after 
each  contaminant  injection  period.  An  example  of  the  pressure/flow 
degradation  which  occurs  in  a  pilot-operated  relief  valve  was  shown 
in  Fig.  [4-1].  Evaluation  of  the  degradation  of  various  points  along 
the  pressure/flow  profile  for  each  test  valve  resulted  in  the 
identification  of  the  most  consistently  sensitive  point. 

In  order  to  adequately  describe  this  operating  point,  the  mechanism 
by  which  relief  valves  operate  should  be  clearly  understood.  For 
direct-acting  relief  valves,  pressure  is  sensed  by  the  force  which  is 
applied  to  the  poppet  or  spool  exposed  to  the  system  pressure.  This 
poppet  or  spool  is  held  in  position  by  a  spring.  As  system  pressure 
increases,  the  spring  deflects,  allowing  for  movement  of  the  poppet  or 
spool.  System  pressure  is  relieved  whenever  the  poppet  or  spool  is 
displaced  to  the  point  at  which  the  relief  orifice  is  opened  so  that 
fluid  can  pass  directly  through  the  valve  to  the  return  lines  of  the 
system.  At  this  condition,  if  the  system  pressure  increases  further, 
the  amount  of  flow  which  passes  through  the  valve  will  increase.  The 


pressure  versus  flow  characteristics  which  result  follows  the  orifice 
equation  relationship.  Fig.  [5-1]. 

Pilot-operated  relief  valves  are  sometimes  referred  to  as  two- 
stage  relief  valves.  The  first,  or  pilot,  stage  is  essentially  a 
direct-acting  relief  valve  which  is  used  to  activate  the  second,  or 
main,  stage  of  the  valve.  The  main  stage  takes  over  the  pressure 
regulation  after  the  pilot  stage  has  been  activated.  Thus,  for  pilot- 
operated  relief  valves,  the  pressure  versus  flow  characteristic  generally 
consists  of  two  regions.  The  region  controlled  by  the  pilot  section  in 
some  instances  results  in  the  orifice  equation  relationship  similar  to 
direct  acting  relief  valves.  The  second  stage  generally  maintains  a 
stable  pressure  level  until  relief  flow  increases  to  the  point  that 
the  valve  acts  again  as  a  simple  orifice.  The  two  basic  shapes  of 
the  pressure/flow  profile  for  pilot-operated  relief  valves  are  shown 
in  Fig.  [5-2],  [5-3]. 

Continuing  the  earlier  discussion,  it  has  been  verified  by  exper¬ 
iment  that  for  both  direct-acting  and  pilot-operated  relief  valves, 
the  pressure  at  33%  of  the  maximum  flow  in  the  region  exhibiting  the 
orifice  equation  relationship  tended  to  be  consistently  more  sensitive 
to  contaminant  wear  than  any  other  point  along  the  curve.  Fig.  [5-4] 
shows  some  typical  test  data  which  led  to  the  selection  of  this  point. 

For  pilot-operated  relief  valves  which  did  not  exhibit  the  orifice 
equation  relationship  of  Fig.  [5-3],  the  point  at  33%  of  the  maximum 
rated  flow  showed  as  much  consistent  degradation  as  any  other  point. 
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Typical  Pilot-Operated  Relief  Valve  Pressure/Flow  Profile. 

Fig.  5-2  Pressure/Flow  Characteristics  of  a  Typical  Pilot-Operated  Relief  Valve 
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MAXIMUM  FLOW 

67%  Qmax 

33%  Qmav 
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Pressure  Degradation  at  Various  Points  Along  the  Pressure/Flow  Curve. 

Fia.  5-4  Pressure  Degradation  at  Various  Points  Along  the  Pressure/Flow  Curve 


Thus,  the  recommended  data  aquisition  point  shall  be  the  pressure  at 
the  following  flow  rates: 

1.  For  di rect-acting  relief  valves,  33"  of  the  maximum  rated 
flow  for  the  valve.  Fig.  [5-1]. 

2.  Pilot-operated  relief  valves  with  orifice  characteristics, 

33%  of  the  maximum  flow  in  the  region  governed  by  the  orifice 
equation  relationship.  Fig.  [5-2]. 

3.  Pilot-operated  relief  valves  without  orifice  characteristics, 
33%  of  the  maximum  rated  flow  for  the  valve.  Fig.  [5-3]. 

With  the  above,  a  common  parameter  by  which  to  evaluate  otherwise  dis¬ 
similar  system  components  is  now  available.  This  can  be  used  as  a 
standard  with  which  to  observe  and  monitor  the  contaminant  sensitivity 
of  pressure  relief  valves.  Therefore,  the  development  of  a  new  data 
aquisition  technique  is  complete. 

Further  refining  the  actual  test  procedure  with  which  to  generate 
degradation  data  required  optimizing  test  time  and  test  contaminant 
concentration.  As  stated  in  Chapter  111,  the  optimum  time  of  exposure 
to  contaminant  should  be  determined  by  actual  tests  on  the  degradation 
rate  which  relief  valves  experience.  The  test  time  would  be  chosen 
as  that  which  would  allow  the  test  valve  to  degrade  to  the  point  that 
any  further  performance  degradation  could  be  predicted  from  the  pre¬ 
ceding  degradation.  Thus,  open  examining  the  degradation  rates  for 
all  the  relief  valves  which  have  been  experimented  with,  it  was  deter¬ 
mined  that  the  majority  of  the  performance  degradation  which  occurred 
during  a  contaminant  injection  did  so  within  15  minutes  from  the  time 
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'of  injection.  Although  in  some  cases  the  tiWjwas  less  than  15  minutes, 
^ in  all  instances,  it  never  exceeded  this  time.  Therefore,  the  standard 
^test  procedure  should  call  for  the  circulation  of  test  contaminants  for 
a  period  of  15  minutes,  after  which  the  system  fluid  would  be  filtered. 

The  selection  of  the  test  contaminant  concentration  (mg/t)  was 
also  based  on  experimental  verification.  In  all  test  valves  evaluated, 
excessive  contamination  levels  (200-300mg/f.)  resulted  in  erratic 
performance  of  the  valve  during  contaminant  exposure  periods.  This  was 
explained  to  be  the  result  of  contaminant  silting  of  the  valve  (con¬ 
taminant  lock).  Contaminant  lock  of  the  control  poppet  is  prevented 
by  the  continuous  movement  of  the  Doppet  disallowing  the  silt  to  build 
up  to  a  critical  level.  What  resulted  was  a  sluggish  movement 
restriction  placed  on  t'  poppet.  This  subsequently  led  to  erratic 
pressure  surges  to  the  system.  Also,  adequate  filtration  of  the  system 
fluid  and  complete  purging  of  the  test  valve  of  contaminant  was 
hampered  by  the  excessive  test  concentration  levels. 

For  concentrations  of  25-100  mg/t,  contaminant  lock  effects  were 
not  evident.  Therefore,  in  order  to  avoid  unwanted  pressure  increases 
and  to  expedite  test  valve  clean  up,  high  contaminant  concentration 
levels  were  deemed  undesirable  as  test  standards  for  relief  valves. 

Thus,  100  mg/?  is  the  optimum  contaminant  concentration  to  avoid  con¬ 
taminant  lock  effects  yet  achieve  accelerated  performance  degradation. 
Thus,  the  standard  test  procedure  should  utilize  AC  Fine  Test  Dust  in 
the  concentration  of  100  mg/t. 
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Standard  Test  Procedure 


Combining  the  above  procedures  and  parameters,  the  RELIEF  VALVE 
CONTAMINANT  SENSITIVITY  TEST  AND  DATA  AQUISITION  TECHNIQUE  is  as 
follows: 
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METHOD  OF  MEASURING  AND  REPORTING  THE  CONTAMINANT  SENSITIVITY 
OF  HYDRAULIC  PRESSURE  RELIEF  VALVES 


1.  Purpose 

To  provide  a  uniform  procedure  for  evaluating  the  contaminant 

sensitivity  of  fluid  power  relief  valves. 

2.  Scope 

This  recommended  practice  applies  to  all  hydraulic  pressure  relief 

valves  which  maintain  or  limit  the  pressure  in  the  system. 

3.  Terms  &  Definitions 

3.1  Test  flow  -  any  steady  state  flowrate  required  to  conduct  the 
test. 

3.2  Test  pressure  -  the  pressure  drop  across  the  test  valve. 

3.3  Relief  flow  -  the  amount  of  flow  which  passes  through  the  test 
valve  during  a  period  of  pressure  regulation. 

3.4  Relief  pressure  -  the  pressure  maintained  by  the  test  valve  at 
a  particular  relief  flow. 

3.5  Pressure/Flow  Profile  -  a  plot  of  the  relief  pressure  vs  relief 
flow  characteristic  of  the  test  valve. 

3.6  Maximum  rated  flow  -  the  maximum  amount  of  relief  flow  through 
the  test  valve  as  specified  by  the  manufacturer. 

3.7  Maximum  rated  pressure  -  the  relief  pressure  at  the  maximum 
rated  flow  unless  otherwise  specified. 

3.8  Pressure  degradation  -  any  change  in  relief  pressure  due  to 
contaminant  effects. 

3.9  Reference  flow  -  the  relief  flow  at  which  pressure  degradation 
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is  measured. 


3.10  Reference  pressure  -  the  relief  pressure  at  the  reference 
flow. 

3.11  Contaminant  injection  -  refers  to  the  act  of  introducing 
classified  test  contaminants  to  the  system  fluid. 

3.12  Test  duration  -  the  amount  of  time  after  each  contaminant 
injection  in  which  the  test  valve  is  exposed  to  contaminanted 
fluid. 

3.13  Contamination  concentration  -  the  contaminant  weight  per  unit 
volume  of  fluid. 

4.  Units 

4.1  The  International  System  of  Units  (SI)  is  used  herein  in 
accordance  with  Reference  paragraph  (15.5). 

4.2  Approximate  conversion  to  U.S.  units  appear  in  parenthesis 
after  SI  units. 

5 .  Graphic  Symbols 

Graphic  symbols  used  herein  are  in  accordance  with  Reference  para¬ 
graphs  (15.2)  and  (15.3).  Where  References  (15.2)  and  (15.3)  are 
not  in  agreement,  Reference  (15.2)  governs. 

6 .  Summary  of  Designated  Inform ation 

6.1  Specify  the  following  information  on  all  requests  for  this 
test: 

6.1.1  A  full  description  of  the  valve. 

6.1.2  The  type  of  fluid. 

6.1.3  The  fluid  temperature  if  different  from  (7.1). 
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6.1.4  The  test  pressure. 

6.1.5  The  test  flow  rate. 

6.1.6  The  test  contaminant  if  different  from  (7.3). 

7.  Test  Conditions 

7.1  Fluid  Temperature  -  shall  be  65°C  ( 150° F ) . 

7.2  System  Volume  -  shall  be  numerically  equal  to  one  half  the 
maximum  rated  flow  per  minute  of  the  test  valve  as  recommended 
by  the  manufacturer. 

7.3  Test  Contaminant  -  Classified  AC  Fine  Test  Dust,  0-5vm,  0-10pm, 
20pm,  30pm,  40pm,  50pm,  60pm,  70pm,  and  80pm,  which  are  produced 
AC  Fine  Test  Dust  per  Reference  (15.6). 

7.4  Test  Contaminant  Concentration  -  100  mq/«. 

7.5  Test  flow  -  the  maximum  rated  flow  for  the  test  valve. 

7.6  Test  pressure  -  the  maximum  rated  pressure  for  the  test  valve. 

7.7  Initial  cleanliness  level  -  the  contaminant  concentration 
level  of  the  circulating  fluid  shall  be  less  than  10  mg/i.. 

8.  Test  Condition  Accuracy 

Maintain  the  test  condition  accuracy  within  the  limits  shown  in 
Table  1. 
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TABLE  1 


TEST  CONDITION 

MAINTAIN 

WITHIN  * 

FLOW 

2% 

PRESSURE 

2% 

TEMPERATURE 

2°C  (3.6°F) 

CONTAMINANT  CONCENTRATION 

10% 

9.  Letter  Symbols 

The  following  symbols  are  used  in  this  document: 

^MAX  "  mdX^mum  rated 
^MAX  *  max’'rnum  rated  pressure 
QREp  -  reference  flow  rate 

^REF  ~  reference  pressure 

Q  -  test  flow 

P  -  test  pressure 

1 0 .  Test  Eguipmen t 

10.1  Hydraulic  flow  source  insensitive  to  contaminant. 

10.2  Clean-up  filter  capable  of  achieving  the  initial  cleanliness 
level . 

10.3  Heat  exchanger  which  does  not  act  as  a  contaminant  trap. 

10.4  Reservoir  with  a  conical  shaped  bottom. 

10.5  Flow  diffuser  at  the  point  where  the  main  return  line 
empties  into  the  reservoir. 
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10.6  Four-way  valve  to  by-pass  system  filter  during  contaminant 
injection  periods. 

10.7  Needle  valve  to  direct  all  flow  through  the  test  valve. 

10.8  Flow  measuring  device  which  is  insensitivie  to  contaminant. 

10.9  Pressure  sensing  device. 

10.10  Lines  connecting  hydraulic  components  sized  so  that  turbulent 
mixing  exists  throughout. 

10.11  Test  circuit  as  shown  in  Fig.  1. 

11 .  Test  System  Qualifying  Procedure 

11.1  Insert  a  direct  connection  in  the  test  circuit  in  place  of 
the  test  valve. 

11.2  Adjust  system  volume  so  that  it  equals  45%  to  55%  of  the 
minimum  flow  rate  per  minute  at  which  the  test  system  is 
intended  to  be  used. 

11.3  Circulate  the  fluid  through  the  system  filter  until  the  con¬ 
taminant  background  is  less  than  10  mg/*.. 

11.4  By-pass  the  filter. 

11.5  Add  unclassified  AC  Fine  Test  Dust  per  Reference  (15.6)  to 
the  fluid  to  bring  the  contamination  concentration  to  100 
mg/*. 

11.6  Inject  the  contaminant  of  clause  (11.5)  in  the  form  of  a 
well-mixed  slurry  uniformly  over  a  period  of  one  minute. 

11.7  Operate  the  system  at  the  minimum  flow  rate  as  described  in 
Clause  (11.2). 

11.8  Extract  four  fluid  samples  from  the  system  per  Reference 
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Fiq.  1  Pressure  Relief  Valve  Contaminant  Sensitivity  Test  C 


(15.4)  at  15  minute  intervals  from  the  completion  of  contaminant 
injection. 

11.9  Measure  the  contaminant  concentration  level  of  each  sample  per 
per  Reference  (15.4). 

11.10  Consider  the  system  qualified  for  testing  if  the  contaminant 
concentration  levels  of  clause  (11.9)  are  within  .*10%  of  the 
initial  requirement  of  clause  (11.5). 

11.11  Repeat  this  qualification  procedure  when  any  modification  to 
the  flow  path  or  to  the  reservoir  is  made. 

12.  Test  Procedure 

12.1  Install  the  test  valve  into  the  test  circuit.  Fig.  1. 

12.2  Filter  the  fluid  until  the  contaminant  concentration  level  is 
less  than  10  mg/i. 

12.3  Subject  the  test  valve  to  a  period  of  break-in  as  follows: 

12.3.1  Adjust  the  relief  flow  to  be  one-hal  f  QMAX’  continue 
for  a  period  of  30  minutes. 

12.3.2  Adjust  the  relief  flow  to  be  Q^,  continue  for  a 
period  of  30  minutes  or  until  the  relief  pressure 
remains  constant  for  10  minutes. 

12.4  By-pass  system  filter. 

12.5  Record  PR^p  according  to  QRpp  as  specified  below: 

12.5.1  For  direct  acting  relief  valves,  QREp  is  as  shown 
in  Fig.  2. 

12.5.2  For  pilot  operated  relief  valves,  QREp  is  determined 
as  shown  in  Fig.  3  and  Fig.  4  depending  upon  the 
test  valve. 
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12.6  Adjust  flow  to  by  gradually  closing  the  system  load 
val ve. 

12.7  Prepare  a  slurry  of  classified  AC  Fine  Test  Dust  (0-5|jm) 
which  will  bring  the  contaminant  concentration  level  of  the 
fluid  up  to  100  mg/e. 

12.8  Inject  the  slurry  uniformly  over  a  period  of  one  minute. 

12.9  Allow  the  contaminant  to  circulate  through  the  test  valve 
for  a  period  of  15  minutes. 

12.10  Completely  open  the  system  load  valve  to  stop  any  relief 
flow  through  the  test  valve. 

12.11  Filter  the  fluid  until  the  contaminant  concentration  level 
is  less  than  10  mg/t. 

12.12  Repeat  clauses  (12.4)  through  (12.11)  for  contaminant  sizes, 
0-10um,  0-20um,  0-30pm,  0-40iim,  0-50um,  0-60um,  0-70um,  and 
0-80 urn. 


13.  Data  Preparation 

13.1  Record  test  valve  identification,  and  operating  conditions 
in  Table  2. 

13.2  Tabulate  test  data  in  Table  2. 

13.3  Calculate  the  reference  pressure  degradation  ratio  to  a 
maximum  of  three  significant  figures  for  each  contaminant, 
injection  by  dividing  the  reference  pressure  after  each 
injection  by  the  initial  reference  pressure. 

13.4  Plot  on  linear  coordinates  the  pressure  degradation  ratios 
calculated  in  (13.3)  versus  the  respective  maximum  particle 
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Table  2  Test  Report  Sheet 


TEST  REPORT  SHEET 


VALVE  DESCRIPTION  _ 

OSU  VALVE  No.  _ 

TEST  DATE  _ 

TYPE  OF  FLUD _ FLUID  TEMP. 

TYPE  OF  CONTAMINANT _ 

GRAVIMETRIC  LEVEL _ 

MAXIMUM  RATED  FLOW _ 

REFERENCE  FLOWRATE _ 

INITIAL  PRESSURE  AT  REFERENCE  FLOWRATE _ 


CONTAMINANT  SIZE  (Mm) 

PRESSURE  AT  REFERENCE  FLOWRATE 
AFTER  INJECTION  uNrrs: 

0-5 

0-10 

0-20 

0-30 

0-40 

0-50 

0-60 

0-70 

0-80 

S6 


size  for  each  injection.  (Example  Fig.  5) 

14.  Identification  Statement 

Use  the  following  statement  in  catalogs  and  sales  literature  when 

electing  to  comply  with  this  voluntary  standard;  "Performance 

data  obtained  and  presented  in  accordance  with  SAE  practice _ . 

15.  References 

15.1  American  National  Standard  Glossary  of  Terms  for  Fluid 
Power,  ANSI/893.2  -  1971. 

15.2  International  Standard  Graphic  Symbols  for  Hydraulic  and 
Pneumatic  Equipment  and  Accessories  for  Fluid  Power  Trans¬ 
mission,  ISO/R,  1219-1970.  Agrees  with  ANSI/Y32,  10-1967. 

15.3  American  National  Standard  Fluid  Power  Diagrams,  ANSI/Y14, 
14-17-1966. 

15.4  Assessing  cleanliness  of  Hydraulic  Fluid  Power  Componentes 
and  Systems  -  SAE  01227. 

15.5  International  Standard  Rules  for  the  Use  of  the  International 
System  of  Units  and  a  Selection  of  the  Decimal  Multiples  and 
Sub-Multiples  of  S.I.  Units,  ISO/R,  1000-1969. 

15.6  Air  Cleaner  Test  Code  -  SAE  J726C. 

Using  this  test  procedure,  performance  degradation  data  due  to  con¬ 
taminant  wear  has  been  generated.  Illustration  of  the  discrimination 
possible  with  this  procedure  is  shown  in  Fig.  [5-5].  Data  generated 
by  this  test  procedure  can  subsequently  be  used  in  conjunction  with 
the  relief  valve  contaminant  sensitivity  computer  program  to  determine 
the  Omega  rating  of  the  valve  which  is  a  rating  value  for  contaminant 
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sensitivity.  The  following  chapters  deal  with  the  relief  valve 
degradation  theory  and  the  computer  program  which  was  developed  to 
utilize  this  important  concept. 
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CHAPTER  VI 


DEVELOPMENT  OF  A  DATA  INTERPRETATION  TECHNIQUE 

Although  much  can  be  learned  from  a  simple  examination  of  exper¬ 
imental  test  data,  a  complete  understanding  of  the  process  which  occurs 
during  a  contaminant  sensitivity  test  is  impossible  without  some 
theoretical  insight  concerning  the  matter.  This  insight  can  be  gained 
by  basing  all  thought  and  consideration  of  the  process  on  a  theory 
which  logically  explains  the  mechanism  by  which  the  phenomenon  occurs. 
Thus  as  stated  in  earlier  chapters,  a  relief  valve  contaminant  sensi¬ 
tivity  theory  should  be  developed  in  order  to  adequately  fulfil  the 
goals  set  forth  in  this  research  study.  The  following  paragraphs 
present  the  relief  valve  contaminant  sensitivity  theory  which  was 
developed  at  the  FPRC.  The  applications  of  this  theory  to  contaminant 
sensitivity  test  data  will  be  discussed. 

To  verify  the  title  of  the  preceeding  theory,  contaminant  sensi¬ 
tivity  refers  to  the  performance  degradation  which  a  hydraulic  component 
will  exhibit  when  exposed  to  specific  contamination  levels  of  the 
fluid.  The  characteristic  contaminant  sensitivity  of  a  component  has 
been  proven  to  be  dependent  upon  the  range  of  contaminant  particle  sizes 
and  their  concentration  in  the  fluid. 

The  rate  at  which  the  performance  of  a  component  degrades  is 
dependent  upon  the  contaminant  sensitivity  (S^)  of  the  component  for 
each  range,  i,  and  the  rate  at  which  these  same  size  particles  are 
exposed  to  the  component.  Thus,  for  a  concentration  of  n  particles  per 
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milliliter  in  the  size  ranoe  i,  a  component  with  a  contaminant  sensitivity 
of  S •  for  the  above  conditions  being  exposed  to  N.(t)  particles,  the 
rate  at  which  the  component's  performance  (p)  will  degrade  is  expressed 
by  the  following  accepted  contaminant  wear  equation: 


-dP-  = 

dt  1  dt 


(6-1) 


For  all  components,  the  rate  at  which  parti  les  of  any  size 
range  are  exposed  to  their  intern  il  parts  at  any  time  t,  for  a  flow 
rate  of  Q  and  a  particle  concentr ition  of  n  is  given  by: 


dri!^l  •-  QU)n(t) 
dt 


(6-2) 


The  laboratory  conditions  whore  particles  are  injected  into  the 
fluid  and  left  to  circulate  until  the  end  of  tha  particular  test 
period  is  unlike  that  which  occut  .  in  the  field.  In  the  actual  case, 
particles  are  constantly  being  ii  iressed  into  thi -  system  fluid  while 
at  the  same  time  other  particles  ire  being  filtered  out.  This  condi¬ 
tion  results  in  essentially  a  stan'lized  contamination  distribution  in 
the  fluid.  Eecause  contaminant  (.  irticles  are  de  troyed  in  the  passages 
and  clearances  of  both  laboratory  and  field  systi  m  pumps,  there  is  a 
difference  in  the  degradation  cha  acteri sties  which  will  occur  in  each. 
This  difference  should  be  account'd  tor  when  con  idering  laboratory 
degradation  data.  The  rate  at  wh  ch  particles  a  e  destroyed  in  the 
passages  of  fluid  power  pumps  can  be  expressed  a-  : 
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where  nQ  is  the  initial  concentration  of  particles  in  the  fluid.  The 
quantity  x  represents  the  exponential  time  constant  for  the  particle 
destruction  process  for  the  particle  size  range  under  consideration. 

The  above  expression  therefore  determines  the  number  of  particles  per 
unit  volume  in  the  size  range  of  interest  which  will  still  contribute 
to  the  degradation  at  any  time  after  the  initial  injected  or  ingression 
of  particles.  This  topic  concerning  the  destruction  time  constants 
and  their  effects  will  be  discussed  in  detail  in  Chapter  VII  of  this 
report. 


It  has  been  verified  that  the  contaminant  sensitivity  of  a  com¬ 
ponent  is  a  linear  function  of  the  concentration,  n.  Thus,  the  sensi 
tivity,  s,  can  be  defined  as: 


s(n)  s  un(t) 


(6-4) 


where  a  ia  a  constant  referred  to  as  the  contaminant  wear  coefficient 

2 

with  units  of  (volume/particles)  per  unit  time. 


For  the  case  of  relief  valves,  performance  is  taken  to  be  the 
system  pressure,  P,  which  results  from  an  induced  relief  flow,  Q 
through  the  valve.  Thus  substituting  Eq.  (6-2),  (6-3),  and  (6-4) 
into  Eq.  (6-1)  yields  the  differential  equation: 


dP 

dt 


Qe 


-2t/t 


(6-5) 


Eq.  (6-5)  defines  the  rate  of  pressure  degradation  of  a  relief 
valve  with  respect  to  the  component's  contaminant  wear  coefficient, 


particle  concentration,  relief  flow,  and  the  particle  destruction  time 
constant  at  time  t. 

For  the  smaller  size  contaminant  injections  (0-5um,  0-10um), 
degradation  was  observed  to  occur  as  a  linear  function  of  time.  Fig. 
[6-1].  This  can  be  explained  by  the  assumption  that  for  these  smaller 
sizes,  the  time  constants  for  the  destruction  process  is  very  large. 
This  has  the  effect  of  essentially  maintaining  a  constant  number  of 
particles  in  that  specific  size  range  for  the  duration  of  the  test. 
Thus,  solving  Eq.  [6-1]  for  the  situation  of  a  constant  particle 
number  result  in; 

P(t)  ^  P0  '  (6-7) 

which  is  the  same  type  relationship  as  is  illustrated  in  Fig.  [6-1]. 

An  important  note  is  that  in  actual  field  operation,  the  pressure 
would  degrade  in  the  fashion  described  by  Eq.  (6-7)  for  all  particle 
sizes. 

With  the  degradation  equations  (6-6)  and  (6  7)  along  with  exper¬ 
imental  degradation  data,  the  values  of  the  contaminant  wear  coeffi¬ 
cients  can  be  derived  for  all  size  ranges  of  contaminant.  This  value 
can  in  turn  be  used  to  compute  the  life  of  the  component  which  can  be 
expected  in  the  field,  given  any  operating  condition. 

The  interfacing  of  the  relie-'  valve  contaminant  sensitivity  theory 
with  a  customized  computer  program  to  do  the  required  calculations  will 
be  presented  in  Chapter  VIII. 
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0-5  Mm 
300  mg/I 


TIME  AFTER  INJECTION  (min) 

F'O.  6-1  belief  Valve  Pressure  Due  to  Very  Snail  Contaminants 


Summarizing,  this  chapter  has  presented  in  final  form  the  set  of 
equations  which  form  the  theoretical  basis  for  the  majority  of  the 
considerations  followed  throughout  this  research  effort.  Because  the 
theory  presented  represents  both  laboratory  and  field  performance 
degradation  characteristics,  the  conversion  from  laboratory  degradation 
data  to  applicable  field  life  information  is  easily  obtainable.  Final¬ 
ly,  the  confidence  in  the  relief  valve  contaminant  sensitivity  theory 
which  is  a  requisite  for  all  standardized  evaluation  techniques  is 
strengthened  by  the  fact  that  this  approach  is  based  on  the  identical 
set  of  equations  which  formulate  the  world  renowned  pump  contaminant 
sensitivity  theory. 
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CHAPTER  VII 

LABORATORY  CONTAMINANT  DESTRUCTION  PROCESS  AND 
IT'S  EFFECTS  ON  EXPERIMENTAL  DATA 

As  reported  in  Chapter  VI,  the  rate  at  which  the  performance  of  a 
fluid  power  relief  valve  is  degraded  is  largely  dependent  upon  the 
behavior  of  the  contaminants  in  the  fluid.  In  particular,  the  test 
life  of  laboratory  contaminants  has  a  significant  influence  on  the 
characteristic  degradation  exhibited  by  components  in  the  laboratory. 
In  order  to  better  relate  laboratory  degradation  information  with 
actual  field  degradation,  a  study  to  determine  the  effects  of  contam¬ 
inant  destruction  during  testing  was  undertaken. 

Contaminant  particles  are  known  to  be  destroyed  or  altered  due  to 
the  harsh  conditions  to  which  they  are  exposed  inside  the  pump  nf  a 
system.  In  the  past,  this  destruction  has  been  thought  to  be  related 
with  the  wear  phenomenon  which  occurs  in  hydraulic  pumps  (Ref.  [2]). 
This  concept  understood  the  destruction  rate  of  a  particular  size 
range  of  contaminant  particles  to  be  directly  observable  by  the  wear 
rates  which  this  size  range  caused  in  the  pump.  For  large  particles 
which  cause  substantial  amounts  of  wear,  the  destruction  rates  are 
very  high.  Likewise,  for  small  particles  which  generally  contribute 
little  to  the  degradation  of  a  pump,  the  destruction  rates  are  low.  As 
with  the  relief  valve  contaminant  sensitivity  theory,  the  pump  con¬ 
taminant  sensitivity  theory  utilizes  a  quantity  referred  to  as  the 
particle  destruction  time  constant,  t .  This  quantity  is  simply  the 
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time  it  takes  for  a  group  of  particles  of  size  to  be  reduced  to  372 
of  their  original  number  of  particles.  This  therefore  assumes  that 
the  destruction  process  is  exponential  in  nature.  The  equation  which 
has  been  taken  to  describe  the  particle  destruction  process  is: 

n(0  -  v'l/’  <7-l> 

for  each  particle  size  range.  In  this  expression,  n(t),  is  the  particle 
number  per  unit  volume  at  any  time  t,  nQ  is  the  original  number  of 
particles  per  unit  volume,  and  t  is  the  particle  destruction  time  con¬ 
stant.  Although  it  has  been  conceded  that  this  expression  is  likely 
to  be  inaccurate  when  strictly  considering  particle  size  destruction, 
it  seems  to  be  essentially  correct  when  the  overall  process  of  par¬ 
ticle  alteration  is  considered.  Because  the  entire  background  upon 
wnich  this  assumption  is  based  relies  upon  data  generated  during  actual 
pump  contaminant  sensitivity  testing,  the  effect  of  wear  material 
becoming  intermixed  with  the  laboratory  contaminant  was  unavoidable. 
Therefore,  due  to  the  impact  which  particle  destruction  has  on  test 
results,  a  new  effort  was  conducted  to  determine  the  behavior  of 
contaminant  particles  in  a  laboratory  test  circuit.  This  study  intended 
to  examine  fluid  samples  taken  from  a  system  containing  a  verified 
contaminant  insensitive  pump.  In  this  way,  wear  material  would  have 
no  influence  on  particle  counts  conducted  on  the  samples.  Also,  closer 
related  to  relief  valves,  the  effect  on  particle  destruction  which  a 
relief  valve  in  the  system  contributes  was  examined. 
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For  the  series  of  tests,  a  circuit  similar  to  that  used  for  relief 


valve  testing  was  used  (Fig.  (7-1)).  After  filtering  the  fluid  to 
obtain  a  contaminant  concentration  level  of  less  than  10mg/2,  classified 
AC  Fine  Test  Dust  (0-80um)  was  injected  into  the  system  to  bring  the 
contaminant  concentration  level  to  100  mg/2.  Injection  was  carried 
out  over  a  period  of  time  numerically  equal  to  one  complete  circula¬ 
tion  of  the  system  volume.  System  flowrate  was  adjusted  such  that  the 
entire  volume  of  the  system  would  circulate  two  times  per  minute  as 
in  the  relief  valve  test  procedure.  The  pressure  at  which  the  system 
was  operated  was  maintained  constant  at  3000  psi  at  a  fluid  temperature 
of  150°F  using  MIL-L-2104  as  the  working  fluid.  Fluid  samples  were 
extracted  at  40  seconds,  2  minutes,  4  minutes,  8  minutes,  and  16  min¬ 
utes  after  completion  of  the  contaminant  injection.  A  particle  size 
distribution  analysis  was  conducted  on  each  of  the  samples  using  a 
multi-channel  liquid  automatic  particle  counter  HIAC  Model  PC-320 
calibrated  in  accordance  with  the  standard  AC  Fine  Test  Dust  procedure, 
ISO  4402. 

A  plot  of  the  current  interval  size  particle  number  divided  by 
their  respective  particle  number  at  40  seconds  versus  time  after  in¬ 
jection  illustrates  the  particle  reduction  process  which  occurs,  Fig. 
(7-2).  It  can  be  seen  that  for  the  particles  in  the  size  ranges  greater 
than  30  micrometers,  the  destruction  process  tends  to  follow  an 
exponential  relationship.  It  can  also  be  seen  from  the  figure  that 
certain  small  sizes  of  contaminant  particles  apparently  never  decrease 
in  number.  These  sizes  increase  in  number  exponentially  over  the 
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TIME  AFTER  INJECTION  (min) 

Fiq.  7-2  Illustration  of  Particles 


*  ' 


observation  time  of  16  minutes.  This  increase  is  due  to  larger 
particles  "breaking-up"  into  smaller  particles  thus  replenishing 
those  small  particles  which  are  destroyed.  It  is  recognized  that  if 
the  observation  pericd  were  extended,  the  small  sizes  of  particles 
would  eventually  decrease  in  number.  The  important  thing  to  remember 
here  is  that  for  a  period  of  15  minutes  (the  same  as  the  amount  of 
time  which  the  relief  valve  test  allows  for  a  contaminant  injection) 
after  an  injection  of  contaminant,  small  particles  are  not  destroyed 
to  any  appreciable  amount;  however,  for  large  particles,  the  destruction 
process  does  occur. 

For  those  particles  which  are  decreasing  in  number,  the  relation¬ 
ship  appears  to  be  exponential  in  nature;  therefore,  a  mathematical 
model  to  describe  the  process  can  be  derived.  Using  a  least  squares 
fit  exponential  to  best  describe  the  particle  number  decrease,  values 
for  the  time  constant,  i,  in  Eq.  (7-1)  were  calculated  along  with 
their  correlation  coefficients.  The  correlation  coefficients  are  a 
measure  of  how  closey  the  model  approximates  the  acutal  test  data--a 
value  of  1  representing  a  perfect  correlation,  /alues  approaching  0 
indicating  a  poor  correlation.  T.tb  1  < •  (7-3)  list,  the  time  constants 
and  correlation  coefficients  for  those  particle  ize  ranges  which 
exhibited  decreasing  numbers  within  the  16  mi  nut-  observation  period. 
Again,  this  information  was  derived  using  a  veri'ied  contaminant 
insensitive  pump. 
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Fig.  (7-4)  is  a  plot  of  the  particle  destruction  time  constants 
versus  their  respective  particle  size.  The  large  time  constants  for 
the  smaller  size  ranges  is  due  to  the  large  particles  constantly  con¬ 
tributing  to  that  size  range  as  quickly  as  the  small  particles  are 
themselves  being  destroyed.  It  has  therefore  been  concluded  that  the 
time  constant  can  be  taken  to  be  a  linear  function  of  the  particle 
size.  Thus,  the  curve  of  Fig.  (7-4)  is  approximated  with  a  straight 
line  passing  through  the  larger  particle  size  end  of  the  graph  as 
shown  in  Fig.  (7-5). 

In  order  to  gain  more  insight  into  the  particle  destruction  pro¬ 
cess,  the  procedure  described  earlier  was  repeated  using  a  different 
contaminant  insensitive  pump.  The  results  of  this  analysis  as  shown 
in  Table  (7-6).  Comparing  this  data  with  that  for  OSU  TEST  PUMP  No. 

102  presented  an  interesting  observation.  As  shown  in  Fig.  (7-7), 

Pump  No.  102  exhibits  consistently  higher  particle  destruction  rates 
than  pump  No.  101.  This  is  partically  explained  by  the  fact  that 
No.  101  is  substantially  older  than  No.  102.  Thus  sharp  edges  and  smal 
clearances  inside  the  pump  are  less  damaging  due  to  the  wear  which 
has  occured  inside  the  pump  over  it’s  years  of  operation.  The  point 
to  be  made  is  that  both  pumps  have  their  own  individual  particle 
destruction  characteristics,  viewpoint  which  was  not  taken  in  past 
considerations. 

As  with  pump  No.  102,  the  time  constant  curve  was  linearized  to 
fit  the  large  particle  end  of  the  graph.  The  time  constants  for  both 
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Fig.  7-4  Plot  of  Particle  Destruction  Time  Constants  versus  Particle  Size 
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earized  Particle  Destruction  Time  Constant  relationship  for  OSU  Test  Pump  No.  102 
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pumps  taken  from  the  linearized  curve  are  shown  in  Table  (7-8).  This 
information  will  be  used  in  the  data  interpretation  procedure  and  will 
be  cataloged  as  constant  values.  With  this  information  available,  the 
performance  degradation  rates  observed  in  the  laboratory  can  be  better 
understood. 

Tests  identical  to  that  for  evaluating  relief  valves  contaminant 
sensitivity  were  conducted  to  determine  the  effect  of  the  relief  valve 
on  the  particle  destruction  process.  Operating  at  the  same  conditions 
as  before,  particle  counts  were  conducted  on  samples  extracted  from  the 
fluid  during  testing.  Results  from  this  analysis  are  consistent  with 
those  from  tests  without  the  relief  valve  in  the  circuit. 

Making  use  of  the  information  gained  from  this  study,  the  direct 
effects  of  contaminant  particle  destruction  in  the  laboratory  can  be 
better  understood.  Referring  to  the  basic  pressure  degradation 
equation  presented  in  Chapter  VI: 

P(t)  =  PQ  -  J«n02(h(l  -  e'2t/l)  (7-2) 

it  can  now  be  realized  the  importance  of  knowing  the  value  of  the  time 
constant,  t. 

Varying  r  will  greatly  change  the  severity  of  the  pressure  vs  time 
degradation  curve  as  depicted  in  Fig.  (7-9a).  Also,  as  in  the  case  of 
small  particles,  this  type  relationship  is  illustrated  in  Fig.  (7-9b). 

After  considering  the  effects  which  the  time  constants  have  on 
laboratory  degradation  rates,  the  staff  at  the  FPRC  recommend  that 
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prior  to  conducting  the  relief  valve  contaminant  sensitivity  evaluation 
procedure  as  described  earlier,  an  analysis  of  the  particle  destruc¬ 
tion  characteri sties  of  the  test  system  pump  which  will  be  used  should 
be  conducted.  This  information  is  a  requisite  for  the  proper  evaluation 
of  a  relief  valve  contaminant  sensitivity. 

This  chapter  was  intended  to  divulge  the  latest  work  which  has 
been  done  in  the  area  of  laboratory  particle  destruction.  The  basic 
conclusions  drawn  as  a  result  of  this  study  are: 

1.  Particle  destruction  rates  are  of  vital  importance  to  the 
degradation  rate  of  a  relief  valve. 

2.  Particle  destruction  rates  are  a  characteri sties  of  the  specific 
test  system  pump  and  are  not  necessarily  constant  for  all 
particle  sizes. 

This  new  understanding  of  the  effect  of  particle  destruction  in 
the  laboratory  on  the  performance  degradation  ra'e  of  a  component  will 
greatly  enhance  the  reliability  ot  the  relief  valve  contaminant  sensi¬ 
tivity  data  interpretation  technique  and  hopefully  given  better  insight 
into  the  other  aspects  of  contaminant  sensitivity  testing. 


82 


*  *r 


CHAPTER  VIII 


RELIEF  VALVE  OMEGA  RATING  SYSTEM 

Application  of  Data  Interpretation  Technique 

The  pressure  degradation  of  relief  valves  due  to  contaminant  is 
expressed  by  the  following  equation  from  Chapter  VI,  assuming  a  con¬ 
stant  particle  number  such  as  that  encountered  in  the  field. 

P(t)  =  -an2Qt  +  (8-1) 

where:  P(t)  =  pressure  at  time  t 

a  =  contaminant  wear  coefficient 

n  =  particle  number  per  unit  volume 

Q  =  flow  rate 

t  =  test  time 

PQ  =  initial  pressure. 

Experiments  have  verified  that  for  the  test  contaminant  sizes 
0-5u  and  O-lOym,  the  particle  destruction  process  has  a  negligible 
effect  on  the  particle  numbers  in  these  size  ranges.  Thus,  the  as¬ 
sumption  of  constant  particle  number  of  these  sizes  is  acceptable.  For 
this  reason,  (8-1)  represents  the  pressure  degradation  relationship 
which  is  valid  for  particle  sizes  up  to  10ym.  The  experiments  also 
verified  that  for  contaminant  sizes  larger  than  10um,  particle  de¬ 
struction  must  be  acknowledged.  (Detailed  discussion  on  particle  de¬ 
struction  was  presented  in  Chapter  VII.)  Pressure  degradation  under 
the  condition  of  particles  being  destroyed  car.  be  expressed  by  Eq.  (2): 

P(t)  =  PQ  +  l/2aQno2i(e'2t/‘  -  1)  (8-2) 
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Fia.  3-1  Scrematic  of  Pressure  Degradation  due  to  Various  Size  Particle' 
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where:  r  =  particle  destruction  time  constant. 

The  pressure  degradation  due  to  different  contaminant  sizes  in 
the  laboratory  test  is  illustrated  in  Fig.  (8-1). 


Since  Eq.  (8-1)  holds  for  the  contaminant  sizes  of  0-5um  and 
0-1 Oym,  the  contaminant  wear  coefficient  «  for  0-5|im  is  expressed 
by  Eq.  (8-3)  which  is  a  modification  of  Eq.  (8-1). 


aQ  r  =  —2—^-  (8-3) 

0-5  n  Qt 

where:  ag  5  =  con'tam‘' nant  wear  coefficient  for  0-5pm 
PQ  =  initial  pressure 

PfQ  5  =  final  pressure  with  0-5pm  contaminant  during  the 
test  time  t. 

The  pressure  degradation  due  to  0-1 Oum  contaminants  is  the  com¬ 
bined  effect  of  0-5um  contaminants.  This  situation  can  be  expressed 
mathematically  as  in  Eq.  (8-4). 


11  5-10 
0-10 


(8-4) 


where:  aPq-1 0  =  Pressure  degradation  due  to  O-lO^m  contaminant 
aPq_5  =  pressure  degradation  due  to  0-5um  contaminant 
included  in  0-10ym  contaminant  injection 
APg-io  =  pressure  degradation  due  to  5-lOym  contaminant 
included  in  0-10um  contaminant  injection. 

Eq.  (8-4)  can  be  rewritten  as: 


f0-10 


p  =  p 

o  fO-5 


‘  Po  +  Pf 5- 10  '  Po 


(8-5) 
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Further  manipulation  ye i Ids: 


Pf0-10  =  "l0-5n  0-6  Qt  +  Po  ' 
0-1U 


'5-10 


0-10 

0-10 


Qt 


(8-6) 


where : 


l5-10  ~  contam^ndnt  wear  coefficient  for  5-10pm  contaminant 

ng_^  =  particle  number  per  unit  volume  of  0-5, .m  contaminant 
(MO 


included  in  0-10um  contaminant  injection 
nr  =  part'cle  number  per  unit  of  volume  of  5-10t,m  contam¬ 
inant  included  in  O-lOum  contaminant  injection. 


5-10 

0-10 


F rom  Eq .  (8-6 ) ,  n 


f  0-20 


5-10 


can  be  calculated  by  Eq.  (8-7). 


-  ’0-5,l“n-5  qt  +  P0  "  f  -...Q" 
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0-20 
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0-?e 
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Derivation  of  the  contaminant,  wear  coefficients  for  all  interval 
size  contaminants  is  summarized  in  the  following. 
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Where  the  subscript  r  designates  a  particle  size  range  (0-5,  0-10, 
0-20,  etc.)  and  the  dummy  subscript  (j)  is  used  to  signify  a  size 
interval  (5-10,  10-20,  etc.).  For  example: 


al 

=  a0-5 

Pfl 

=  P 

f0-5 

nl  = 

n0-5 

t3  =  T 10-20 

a2 

=  a5-10 

Pf2 

=  Pf0-10 

nl/2 

=  n0-5 

t4  =  T20-30 

0-10 

“3 

=  “10-20 

Pf  3 

=  Pf0-20 

n2/2 

=  n  5- 10 

t5  =  T 30-40 

a4 

=  a20-30 

Pf4 

=  Pf0-30 

0-10 

t6  =  T40-50 

nl/3  n0-5 
0-20 


t7  =  T 50-60 


“9  a70-80 


n2/3  ”  n 5- 1 0 
0-20 


t8  =  T 60-70 
t9  =  T 70-80 


The  alpha  values  which  are  derived  using  laboratory  test  data 
represent  the  characteristic  susceptibility  to  contaminant  wear  for  a 
particular  relief  valve.  Expounding  further,  the  alpha  value  is  strictly 
an  "intrinsic"  property  of  a  component  and  is  independent  of  the 
operating  conditions  of  the  valve. 


Thus,  using  these  values,  the  service  life  of  a  component  can  be 
predicted  given  any  specified  operating  condition.  The  general  equation 
for  the  service  life  of  a  component  given  a  particular  contaminant 
distribution  is  expressed  Eq.  (8-12). 


T  =  — 


P  ,  i  9 

f ,  max  2 
— /  y  u.n 


(8-12) 


where:  T  =  contaminant  service  life 
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PQ  =  initial  pressure 

Pf  =  final  pressure  at  which  the  relief  valve  service  life  is 
considered  to  be  over  (usually  80%  of  P  ). 

Contaminant  Tolerance  Profile  tor  Relief  Valves 

The  contaminant  service  life  of  a  test  relief  valve  in  a  given 
contaminant  environment  can  be  calculated  by  Eq.  (8-1?).  By  using  Eq. 
(8-12),  a  "contaminant  distribution"  which  will  maintain  a  specified 
contaminant  service  life  for  the  test  relief  valve  can  be  determined. 
Since  there  are  many  different  contaminant  distributions  possible  in 
tne  field,  the  contaminant  level  which  maintains  a  specified  contaminant 
service  life  should  be  determined  for  several  different  distributions. 

A  contaminant  tolerance  profile  is  defined  as  the  locus  of  tangency 
points  associated  with  contaminant  particle  distribution  lines  which 
maintains  the  sane  contaminant  service  life.  Fig.  (8-2)  illustrates 
the  derivation  of  a  contaminant  tolerance  profile.  Fig.  (8-3)  shows 
the  1000  hour  and  10,000  hour  contaminant  tolerance  profiles  of  relief 
valve  0SU-VALVE-N0.  115.  These  contaminant  tolerance  profiles  were 
actually  calculated  by  the  computer  program  which  is  detailed  in  Chapter 
X. 

Omega  Rating  for  Relief  Valves 

The  relief  valve  Omega  rating  value  is  defined  as  the  value  of  the 

Beta  ten  filter  which  can  maintain  the  1000  hour  life  of  a  given  relief 

valve  in  the  system  with  a  flow  rite  of  75  s.pm  and  an  ingression  rate  of 
8 

10  particles  per  minute  greater  'han  10cm. 


UMBER  OF  PARTICLES  PER  MILLILITRE  GREATER  THAN  INDICATED  SIZE 


PARTICLE  SIZE  (Mm) 

Fiq.  8-2  Derivation  of  Contaminant  Tolerance  Profile 
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Fig.  (8-4)  illustrates  the  derivation  of  the  Omega  rating  for 
relief  valve  OSU-VALVE-NO.  119-1.  This  was  determined  to  be  15  from 
this  chart.  This  Omega  rating  derivation  was  computerized  and  its 
detail  is  also  presented  in  Chapter  X. 

The  Omega  rating  forms  a  good  basis  for  selecting  the  most 
appropriate  relief  valve  to  install  in  a  given  system.  It  can  also 
predict  the  necessary  filter  protection  requirement  for  a  given 
relief  valve  in  order  to  maintain  a  specified  service  life. 


♦ 


t 
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CHAPTER  IX 


PREDICTING  FIELD  LIFE  FROM  LABORATORY  TEST  DATA 

Although  the  Omega  rating  system  discussed  in  Chapter  VIII  is  a 
very  important  contaminant  sensitivity  rating  index  for  fluid  power 
components,  it  should  be  realized  that  this  value  is  based  upon 
laboratory  test  data.  If  this  data  is  generated  from  a  test  which 
operates  the  component  in  question  at  a  condition  unlike  it  will 
encounter  in  the  field,  the  Omega  value  will  not  be  exact  in  its 
specification.  For  example,  if  the  test  component  is  subjected  to  harsher 
conditions  in  the  laboratory  than  it  will  experience  in  the  field, 
the  Omega  value  which  is  given  to  the  component  will  be  a  conservative 
value.  Although  this  estimate  is  a  valuable  quantity,  in  some  instances, 
a  more  precise  evaluation  based  on  actual  operating  conditions  is 
desirable. 

In  the  case  of  relief  valves,  the  above  discussion  is  of  particular 
interest.  Because  this  type  of  valve  is  so  versatile,  a  standard  test 
procedure  which  could  examine  the  entire  spectrum  of  relief  valves  and 
their  individual  applications  would  be  virtually  impossible.  For  this 
reason,  the  relief  valve  contaminant  sensitivity  test  procedure  was 
designed  to  subject  the  test  valve  to  the  most  severe  conditions  (max¬ 
imum  pressure  at  maximum  relief  flow)  which  it  will  encounter  in  the 
field.  As  would  be  expected,  the  life  prediction  which  is  derived 
will  be  a  conservative  estimate.  In  order  to  more  precisely  predict  actual 
field  service  life,  two  options  are  available: 
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1.  Field  contaminant  distribution  consideration 


2.  Field  duty  cycle  consideration 

Using  Eq.  (8-12)  in  Chapter  VIII,  an  initial  field  life  prediction  can 
be  made.  By  utilizing  the  field  pressure  degradation  equation; 

P(t)  =  Pq  -  ,n2Qt  (9-1) 

the  effect  of  duty  cycle  on  field  life  can  be  considered.  Both 
approaches  will  be  discussed  individually  below. 

Field  Contaminant  Distribution 

The  equation  for  service  life  is  a  very  valuable  tool  for  predicting 
the  useful  life  which  can  be  expected  from  a  relief  valve.  Given  an 
actual  field  contaminant  distribution,  Fig.  (9-1),  the  contaminant  wear 
coefficients  (.»),  and  the  prescribed  allowable  pressure  degradation,  the 
useful  service  life  of  the  valve  can  be  predicted.  This  life  represents 
the  operating  condition  where  the  test  valve  is  passing  its  maximum 
rated  flow.  With  this  value,  the  fluid  power  engineer  can  have  valuable 
insight  into  the  expected  life  of  components  which  are  available  to  use 
in  a  system. 

Duty  Cycle  Considerations 

The  second  option  available  'o  improve  the  life  prediction  builds  on 
the  information  derived  by  the  initial  life  prediction.  This  approach 
involves  considering  the  actual  field  duty  cycle  which  the  valve  is 
operated  at  in  the  field.  This  method  requires  a  knowledge  of  the  system 
pressure  versus  time  relationship  which  is  expected  to  occur  during  the 
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normal  operation  of  the  system  which  the  relief  valve  will  be  a  part. 

An  example  of  this  is  shown  in  Fig.  (9-2).  This  plot  can  be  thought 
of  as  the  average  operating  characteri sties  of  the  system.  As  an 
example,  each  time  the  bucket  on  a  backhoe  reaches  its  extreme  position 
or  when  a  sudden  load  is  applied,  the  pressure  in  the  system  will 
increase  until  the  system  relief  valve  opens.  Until  the  bucket  is  moved 
or  until  the  load  is  removed,  the  valve  will  continue  to  pass  contam¬ 
inated  fluid  to  the  tank.  It  is  during  these  periods  of  time  that  the 
majority  of  the  wear  occurs.  Also,  the  pressure  versus  flow  profile 
for  the  relief  valve  is  necessary  to  use  in  conjunction  with  the 
system  pressure  versus  time  plot.  From  these  two  sets  of  information, 
two  life  prediction  correction  factors  can  be  derived;  the  flow 
correction  factor  (Kp)  and  the  exposure  time  correction  factor  (Ky). 

The  derivation  of  the  flow  correction  factor  proceeds  as  follows: 

1.  From  the  system  pressure  versus  time  plot,  determine  the 

maximum  system  pressure  which  the  relief  valve  will 
experience  .  Fig.  (9-2) 

2.  From  the  pressure  versus  flow  profile,  determine  the  amount 


of  relief  flow,  Q^y,  which  accompanies  P^.  ^9-  (9-3). 

3.  Divide  the  relief  flow,  Q„rT,  by  the  maximum  rated  flow  for 


the  valve. 


Therefore ; 


To  compute  the  exposure  time  correction  factor,  Ky,  determine  the 
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amount  of  time  per  minute  during  which  the  pressure  surges  are  experi¬ 
enced  (Fig.  9-2).  Therefore; 


actual  exposure  time  (sec) 

Ky  =  _ per  minute _  (9-3) 

60 

Combining  the  two  correction  factors  into  a  single  life  multipli¬ 
cation  factor,  K^; 

K|-  KFKT  (9-4) 

This  value  is  a  correction  factor  by  which  the  service  life,  T, 
as  calculated  for  the  actual  field  contaminant  distribution,  is 
multiplied.  Therefore,  the  service  life  corrected  for  duty  cycle  is 
determined  as; 

tcorr  ■  KLT  <9-5> 

This  simple  relationship  is  possible  when  the  field  degradation, 

Eq.  (9-1),  is  considered.  As  can  be  seen,  the  flow  rate  and  exposure 
time  are  directly  proportional  to  the  amount  of  pressure  degradation 
which  will  occur. 

Although  the  Omega  rating  system  is  a  valuable  design  tool,  in 
some  instances,  it  is  desired  to  know  or  predict  the  life  of  a  component 
given  existing  operating  conditions.  This  chapter  has  presented  two 
such  methods  by  which  to  predict  the  service  life  of  a  relief  valve. 

It  should  be  remembered,  however,  that  these  procedures  are  options  to 
the  main  contaminant  sensitivity  evaluation  technique  presented  in  Chapter 


99 


VIII  and  are  not  intended  as  replacements. 
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COMPUTER  PROGRAM  FOR  DATA  INTERPRETATION 

A  computer  program  to  interpret  the  relief  valve  contaminant  sen¬ 
sitivity  test  date  was  developed  based  on  the  data  interpretation  tech¬ 
nique  presented  in  the  previous  sections.  The  functions  of  the  program 
are  as  illustrated  in. Fig.  10-1  to: 

1)  Calculate  the  contaminant  wear  coefficients  for  interval  con¬ 
taminant  sizes. 

2)  Calculate  the  contaminant  tolerance  profiles  for  1000  hour 
and  10,000  hour  expected  service  life. 

3)  Derive  Omega  Rating  value. 

4)  Calculate  a  contaminant  service  life  associated  with  a  given 
contaminant  distribution. 

5)  Predict  a  field  contaminant  service  life  associated  with  a  given 
duty  cycle. 

The  initial  stage  of  the  program  consists  of  the  contaminant  wear 
coefficient  calculation.  This  computes  the  contaminant  wear  coefficient 
(alpha)  values  for  the  interval  size  contaminants  given  test  data  gen¬ 
erated  in  accordance  with  the  procedures  set  forth  in  the  relief  valve 
contaminant  sensitivity  test  introduced  in  Chapter  V.  These  values 
represent  the  wear  sensitivity  of  the  valve  under  consideration.  With 
the  contaminant  wear  coefficients  known,  two  alternatives  are  available 
to  utilize  this  valuable  information--contaminant  tolerance  profile 
calculation  and  field  distribution  life  calculation.  Because  the  first 
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alternative  constitutes  the  main  body  of  the  program,  it  will  be  dis¬ 
cussed  first. 

Given  the  alpha  values  for  the  valve,  the  service  life  of  a  com¬ 
ponent  can  be  deternined  by  those  methods  presented  earlier.  This  pro¬ 
cess  can  also  be  reversed,  or,  by  inputting  a  desired  service  life,  the 
contaminant  distribution  which  will  afford  that  requirement  can  be  com¬ 
puted.  This  particular  program  determines  the  tolerable  contaminant 
profiles,  which  will  allow  for  1000  and  10,000  hours  of  usable  service 
life  in  the  field.  This  branch  of  the  program  is  further  implemented 
by  the  omega  rating  program.  Given  the  contaminant  tolerance  profile 
for  a  valve,  the  beta  ten  filter  model  which  will  condition  the  fluid 
to  the  level  prescribed  by  the  1000  hour  profile  is  calculated.  Simply 
stated,  the  omega  program  determines  the  beta  ten  filter  down  stream 
contaminant  distribution  which  is  tangent  to  the  extreme  left  point  on 
the  1000  hour  contaminant  profile.  In  this  way,  the  quality  of  fil¬ 
tration  necessary  to  satisfactorily  protect  the  valve  can  be  determined. 
The  omega  value  also  provides  a  very  discriminating  rating  system  for 
all  valves.  As  stated  earlier,  the  profile  and  omega  branch  of  the  pro¬ 
gram  are  considered  to  be  the  main  computational  effort  to  be  used  in 
conjunction  with  the  relief  valve  test. 

The  field  distribution  life  branch  of  the  program  is  a  viable  option 
for  those  users  who  know  the  contaminant  distribution  which  a  valve  can 
be  expected  to  meet  in  the  field.  For  this  instance,  the  field  contami¬ 
nant  distribution  life  program  is  a  worthwhile  effort.  Therefore,  the 
calculation  requires  the  values  of  the  contaminant  wear  coefficients 
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as  mentioned  earlier  along  with  the  field  contaminant  distribution. 
Because  the  former  quantities  are  internally  generated,  the  latter  is 
the  only  extraneous  information  required.  This  aspect  has  been  sim¬ 
plified  for  the  user  by  requiring  only  the  number  of  particles  of  size 
greater  than  Bum  and  1 5 i.m  which  are  expected  in  the  field.  In  this 
way,  the  field  distribution  is  modeled  into  a  straight  line  distribution 
on  the  particulate  contamination  chart.  Inputting  this  information  along 
with  the  test  data,  the  expected  service  life  of  the  valve  can  be  pre¬ 
dicted. 

A  further  expansion  of  this  segment  allows  for  those  users  who  do 
not  know  the  fluid  contamination  distribution  but  still  desire  an  approx¬ 
imation  of  the  expected  field  life  of  a  .ulve  given  particular  contamin¬ 
ation  levels.  This  is  accomplished  by  substituting  the  AC  Fine  Test 
Dust  distribution  for  the  required  particle  numbers  as  listed  above. 

This  again  will  predict  the  service  life  of  the  component  in  question. 

Still  another  option  available  along  this  branch  is  that  of  actual 
field  duty  cycle  compensation  on  predicted  service  life.  As  should  be 
remembered,  all  of  the  previously  mentioned  elements  of  the  program 
assume  the  same  operating  conditions  as  those  presented  in  the  labor¬ 
atory  or  continuous  flow  through  the  valve.  Because  this  rarely  is  the 
case,  the  effect  of  duty  cycle  was  desired.  As  described  in  Chapter  IX, 
by  knowing  the  pressure  levels  which  will  be  used  in  the  field,  along 
with  the  pulsation  characteristics  of  the  system,  the  duty  cycle  can 
be  accounted  for.  The  actual  input  consists  of  the  two  correction 


104 


values  which  were  described  in  Chapter  IX,  the  flow  correction  factor 
and  the  exposure  time  correction  factors.  In  this  way,  the  actual 
operating  conditions  and  contaminant  distribution  which  the  valve  will 
encounter  in  the  field  are  accounted  for.  Again,  this  option  predicts 
the  service  life  of  a  valve  under  the  prescribed  field  conditions. 

The  program  is  presented  in  its  entirity  below. 
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(•).  4  v  l  l  •»  '  It  .»  L  1  I  )  C  _  )  ,  MM,  •’  »  L  i  *  _  I  -  ) 

■  T 1  1  M  «  W  f  U  T  (  ,  )  ,  T  1 1  •,  |  ,  u  T  *  I  >  1  )  .  •  AT  I  (  -  1  •  j  I  /  T  X  11  I.M  rlHI 

/ 1 vi/  .ii :i,  ji .( (»i  i,  v'j  >4?i  ,pi  •?,  *>i  ii/' -►,>! 

l  •  I ’  I 

•■4.  \  /  )'.  L  *  .’  /  -u  |»  .  U  ;  •  ,1  L  . . . 
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,  1  *• .  **  » 1  C  .  *  ,  1  .  v  .  ? .  I  .  '  *>  .  1 .  J  / 

•  4  n  /  o  .,n  u.  .  i  >.  »  s.  / 

i  / » = .  : 


L  i  ►  AK  T 

.1  f  ‘40*1  wf  Al.  i.P  ,  -»  T  -V  t  V  UVJ.IX'  L 

L  L  r  ,Mi|  .  f  ATT  ,P.'f  !  PI  ) 

[  l  At  .»H(  ALPHA  ,  PC,  ,  v»  P,  J  t  T  A" ,  {  4  \X  ) 

L  t  P*  MU  fil'yW,  *Sn  <  I 

i  •?  hl.U 

•  I  /;  M  I  I  M  Al  Jt.lol  )  :  T  ‘a.  (  .  <-!►:»!»*•  •» 

1  i  (  A.  Cb  **v  (  l,  H-  i  ♦  1  J  .  ' .  J  •  m  Yl  I  I "  U  i  .  )(  l  •  >  S  i  V  « 

It  )  •>*<  III*’. 

:  in 

L  l  'ACAt  •>  Wt  K,  ■.  <•  Y  ,  ’  V .  I 

>'  1  *  1 

,  \T  I'M  I  >»PF  l  |  I/P' 

T  I  *  •  r 

I  L  1  '•  (  I  A  TA  ,  T  i  *P,  '■  l  •  4NJi  4M  L'-i  i  '  V  ] '  ) 

U  «  JT  2  I  I  Al  4,  Awl  -  -  A  v  *  i  >  I  -  «  "*  4'.  I 

I  I  :  <  r .  J  Cl 

%  mt  i  •  jj  v  j>)  >i  «  T'  »  it.  l!  »  i  ucn’i  i  n^is,  '«\ri'  i 

.w  i- 

,  (t  ,  •  )  I  If  4P 
llTMP,,;:,.|^i!  ‘  f- 

a*.rnr  -  *  -  »  .o . 

4  l  i‘>»  bt  .It,’ 

)  W  Kk  J  ,  } 

C  Al  L  L  |  f  (  A )‘  ♦  A  l  >  1  I 
I  / APU*  IQ*  V\ 

it  f  i i o 1 1:  i°L,  an 

tlf-HAII*  t-i<  4  ;  i  T  .J  •  ,  I  i Llf  -  *MP.  13.21 
If  IK’*lLlFi 

A'iLr  *»  --A  V0Cb*l  *  . 

4*  JI^a-n 
(  .  t  ’  T  IM'f 
HIM  «Tl  It  £  2 
nh  IT  !  I  fr,  <.MTL  If 

ff^ATI'  TLIFf  IS  ••  F  *  ’>■»  YJi  «ISH  T'  U  A  DUTY  C  YC 1 1  1  , 

*  CALA*.'lAT  ICN  (1  FT*  Y£S,  ?  FJw  NA»?M 
AC  (  1,  ♦  IICJM 

If  I  1  OUt*  *N  £  .  I  I  «i  »T  )  S*> 

KK  1  Tfc  |  6»  «*7  I 

r.)k*AT<  »  fcNT  rf  FL  JCj->  *  I 

«r  A0<  1**| FLUC  JP 

•a  I  TE  |  6,  *H» 


4j t L  Llf ^>*«1 P.13.2) 


!>■»  YJi  «ISM  T'  U  4  DUTY  CYClf*./ 
FUw  N A  17*  I 
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48  F  IRMA  T (  '  ENTt  R  II  «C  !«  •  ) 

3  E  A  0!  1,  *  I  ThCno 
0CC0R=1./  (  FL'.r  OR  >T  |‘«c  if  I 

TCUR  =  0CC3P»IllFt 
WR  IT  E  (  6 , 4  S  I  ICC  rK ,  IC  U 
WRITE  (9,  49  IOC f  OR,  T  FOR 

41  FJRMATC  FOR  A  OH  TV  C  V  C  L  F  CO -<R  F  CT  KN  FACTOR  (If  '.1PE13.4,/ 

4  •  IFE  EXPrCTC)  EIELl  At  E  V  1C  F  LIFE  IS',E13.4) 

WR  IT  E  (  9, 51  I  F  L  )C  IP  ,  TI  1C  I- 

51  FORMAT!'  FL3CU3  IS  *,lP‘li.4,'  'MCDR  IS  ',.13.41 
55  ST  IP 
ENl) 


S'JBROUT  IN  E  PART 
0  IM  EL'S  I  IN  WR!  1  1  I 

C  1MM0N  /BLK1/  ALPHA!  >1  1  ,  Cl  A  I  2  1  I  ,  >P  ( ?  ;  1  ,  P 1  9, 9  I  ,  PF  0,  NS  IZ  F,  ON  IRM,  HI 
1ST!  6,  22  I 

COM MEN  /  BLR  2/  AL  IFE,  TL  II  C,  VI:),  i.ILItE.v.PO 

DATA  WR/. 39, .57, .73, .85,  .91  ,.944,  ,'lhi,  .97  4  ,  .9  8  .787,  .99/ 

••SET  PARTICLE  SIZES  l"1  CtSlRFR  VALDES 

014(11=5 

00  iO  I  =  2  « N  S I Z  E 

0I«(  11=10*1  I-  1  I 

•  •CALCULATE  PARTICLES  I  I  INTERVAL  I  1  -  J  I  IN  RANI.E  (  C  -K  I 
0.J  20  J=  1, 9 

ACFTOl  75  1  .S431  Ml  .-EXP  (-.  47  l  ?9C*AL  10!  >IM  J  I  1  »«2  I  I 
01  20  K  =  J,9 
P(N,J  1  =  0. 

P!J  ,K  1=  ACFT  C/WR  <K  1 

•  •CALCULATE  PARTICLES**/  FOR  ALL  INTERVALS  FOR  ONOPM  m  0/ L 
00  30  J8=  1,  8 

J  =10- JM 
01  30  K  =  J  ,  9 

P  ( J  ,  K  1=1  IP!  J,K  l-P  (  J-  1,K1  1*0N  IRM  !*•  > 

00  40  1=1,9 

P(  1,  I  )=  (P  ( 1,  n*GNG<MI*«2 

R  ET  URN 

END 


o  o  o 


S  jfi  K  JUT  I  NE  READM(PE#  R  £F  ,  C,  TEMP  ,  V)L  ,AT  J  ,AXFLO,  HI  A  ,  T  ) 


C  •*•**•*•*••••*•*********««.  •  »*«*•« 

c  *  « 

r.  *  REA.OING  5  U  R  R  1 J  T  INF  « 


0  IN  EN5  HN  PF(9  I,  1AT4(  2)01 
WRITE  (6,501 

5  '  E  IF  M4T<  •  ENTER  THE  RELIEF  VALVE  THAT  W4S  T  EST  C  1’  1 
F  EAC  (  1,  40  l(  IAT  A  (  I  »,  |=  II,  50  ) 

WHITE  <6,6*1 

60  FORMAT!*  ENTER  THE  VALVE  TVPl  •> 

REACH, 40  I  (  IAT  A  (  II,  1=51,  TO  I 
WRI  TE  ( 6 , 7  C I 

70  FOrMATI*  ENTER  T  HE  *  5  0-  VALVE  NUMRE!*! 

REACH, 40  )(  IAT  A  (  I  I,  1*71,  75  ) 

WRI TE  (6,001 

30  FORMAT!  •  ENTFR  JHl  0 A  TE  *1 


K  rAO  ( 1 , 40  )(  IATA(  I), 

1=  1,  10) 

4* 

F  )K  MAT  (  100A1I 

W  r  IT  E(6, 

801 

3  ) 

F  ORMATI* 

ENTER 

THE 

TEMPERATURE  *1 

R  EACH  1 ,  *  )  TEMP 

w  PITE  (6, 

901 

00 

F  OF  MATH 

ENTER 

THC 

SV  S  T  c  v  V.ILUME  *1 

REACH,*!  VUL 

WRITE  (6 

.  1001 

i:o 

!  JRMATI  < 

ENTER 

THE 

OFAMS/IRJCCT  l  IN*  l 

R  EAOI  1,  * 

IAN  J 

WRITE  (6 

,1101 

1 10 

F  JK  MAT  (  ' 

ENTER 

THE 

»AX  KAT.O  FLOW  * ) 

R  EAC(  1,  * 

1  AX  FLO 

WRITE  (6 

,20  1 

20 

F  JrMATI  * 

ENTER 

REF 

Fl.lW  RATE*  ) 

R  EAO  (  1, 

»  10 

Vi  fv  l  T  E  l  k 

,120) 

12  0 

F  J«  H  A  T  (  • 

ENTER 

THE 

INITIAL  REF  PRC  SS  JR 

R  EAC  (  1,  *  )  kEF 
0.)  1  0  N'JM«1  ,<? 
ww  ITE  (6,5  !NUM 
KEAO  ( 1 ,  *  1  PFINdMI 
5  F  7R  MA  T  (  1  ENTER  PF  •  ,  (21 
10  CONTINUE 

WR I T  E<6, 1 30  ) 

1  )C  F  ORMATI  •  EN  TER  THE  T  I  *C  (  IN  w|  N.  )>  I 
READ!  1,  •  IT 
RETURN 
ENJ 
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SUBROUT  INE  CORRIUNCDRR, F SIC  DR,  I S I Z .- , C 0 kRCC I 

C  •**•*••«****,,..«*,*•*, 

c  * 

DATA  CDRRcCT  ION  SJDPRHGRAM 
ELJID  PJWER  KEASEA^H  CENTER 
O.S.'I 

LAST  JPOATE  80081 A 


THIS  SUBROUTINE  IS  A  DATA  CORRECTION  S' IB  ROUTINE.  IT  FINDS  DATA 
POINTS  THAT  ARE  ABOVE  PREVIOUS  DATA  POINTS  AND  MDIVES  THEN  0 .1  MM  TO 
A  POINT  EU  UAL  TO  THE  P-tIVIOJS  DATA  POINT,  IT  THEN  MOVES  DOWN  ALL 
FOLLOWING  DATA  POINTS  RY  AN  EJUAL  PERCENTAGE  4MMJNT.  AFTER  EACH 
PASS  THROUGH  THE  04TA  PEINTS  IT  CHECKS  TO  SEE  IF  THERE  HAVE  BEEN 
ANY  CORRECT  ICNS  MADE  ON  THS  PASS,  IF  THERE  HAVE  BEEN  IT  MAKES  AN 
ANITHER  PASS  CHECKING  f  JR  DATA  POINTS  DOT  IF  LINE.  THIS  PR 'CESS  IS 
CONTENUFI)  UNTILL  NO  CORRECTIONS  ARE  MATE. 


1N°UTS  : 

UNCJRR  -  UN  Cr'R  A  EC  T  El)  DATA  ARRAY 

F  S  T  COR  -  THE  NUMBER  THAT  THE  FIRST  DATA  POINT  IS 
COMPARED  TO. 

(SIZE  -  THE  ARRAY  SIZE  IF  U*!C  TRR  AND  S  ORREC 

OUTPUTS  :  CORRES  -  TH;  „_'RRECTED  DATA  ARRAY 
C 

C  LOCAL  :  FACTOR  -  THE  CORRECTION  FACTOR 

C 

DIMENSION  UNCORR!  JSIZEI.OKRECI  ISIZE) 

C  SET  CORREC  EQUAL  IC  UNCORR 
00  5  1=1,  IS  IZ  E 

CORRECI  II  *  UNCORR I  I  I 
5  CONTINUE 

C  SET  TFE  CORRECTION  FACTOR  E DUAL  TD  100  PERCENT 
F  AC  TOR  *  1 

IF  (CORR  EC(  II  .GT  .FSTCOR  I  FACTOR  =  c  S  TO  OR/C  ORRE  C 1 1  I 
CORRECIl  •  =  CJRRECIl  I *F ACT  DR 
10  CONTINUE 

C  START  OO-LOOP  TO  CHECK  AND  CORRECT  DATA  POINTS  FROM  2  TO  I  SI ZE 
00  IS  1-2, I  SIZE 

IF  (CORREC!  II.GT.C0RREC(I-1I.AND.FACT0R.EQ.1  .01 
♦  FACTOR  -  CORRECI  I- I I/CORRECI  I  I 

CORR  EC  (  1 1  *  CORRECIl  I*F  ACTOR 
15  CONTINUE 

C  RETURN  IF  NO  CORRECTIONS  HAVE  BEEN  MADE 
IF  (FACTOR. EQ.l  .01  RETURN 

C  SET  CORRECTION  F  AC  TOT  EQA  L  TO  100  PERCENT  AND  MAKE  ANOTHER  PASS 
FACTOR  =  1.0 
GO  TO  10 
END 
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S  UBRHUT  INt  ALPM  AL  PHA.PO,  PF  ,Q,P  ,  T  ,  TAU,  IMA  K) 

*****»***»*•••****••*<• 


Al  •>  FA  CALCULATION  SU3  PRr' JP  Aw 
Fluid  POwFR  RESEACH  CE'i'iii 

j  •  j  * '  j  a 

LAST  JPDATE  300814 

a********************** 


THIS  SUBROUTINE  CALCULATtS  7  Hi  *  E  AR  COEFFICIENTS  FIR  A  RELIEF  VA!  V- 
.  THE  ED.  W  ER  E  HER  VIED  AT  THE  FLU!  >  POWER  RESEARCH  CENTER  IF  YOU 
HAVE  ANY  QUEST  ICNS  Aft'TUT  THlM  PLEAS?  CALL  JS  AT  <,05- E24-  7  3  75. 

INPJT  S  : 

PO  -  RATED  PRESSURE  OF  THE  VALVE 

PF  -  ARRAY  OF  FINAL  PRESSURES 

0  -  FLOW 

P  -  ARRAY  CONTAINING  PARTICLE  CUONTS  SO  UA  RE  0 

T  -  TIME  IN  Ml  NUT  ES 

TAU  -  CONTAMINANT  DESTRUCTION  RATE  TIME  CCNSTAST 
I MA  A  -  NUMBER  OF  INJECT  ICNS 

OUTPUTS  : 

ALPHA  -  ARRAY  OF  CONTAMINANT  WEAR  COEEE1C  TENTS 

LOCAL  : 

ITEMP  -  TEMPORARY  VAR.  Fin  OO-L^OP  COUNTER 
TEMP  -  TEMPORARY  VAR.  FOR  SUMAT1UN  OF  ALPHA 

OIMENSI  IN  ALPHA ( 2 1  I.PFI  I  MA X  )  »  P (  l  MAX  ,  I  M  AX  )  ,  T  Al  1 1  I  M  A  X  ) 

AL P HA  1 1  I  «  (PO-PF  (  1  I  l/IP  I  1,  1  l*Q*T  I 

ALPHA  1 2  I  -  (l/P  (2,2  )  )*(  (  (PO-PF  (2)  ) /(5*T  1)  -ALPHA!  1  )  *P!1  ,2  >  ) 

ALPHA!  31  *  2*  (PE!  3  >-POhQ*T*I  Al  PHA  (1  >  *  P  (  1 ,  3)  *  AL  PH  A  (2  l*P  (2  , 3  II  1/  ( 0* 

♦  P<3»3)*TAU(3t*(EXPt-2*T/TAJ(2)l-l)l 
00  10  1  =  4,  I  MA  X 

ITEMP  =  1-1 
TEMP  »  0. 

00  5  J  =  3, I  TEMP 

TEMP  «  ALPHA!  JI*P(  J,  I  )•  TAU(JI»  (EXP(-2*T/TAU(J)  )-l  l  +  TEMP 
5  CONT  INU  E 

ALPHA!  I )  .  2*(  PE  I  I ) -PO*Q*T*  (  ALPHA!  1I*P(  1,  l  )*ALPHA(  2  I  *P  (2,  l  )  I  - 

♦  .  5*3*  (  TEMP  )>/(3*P<  I ,  I  )*TAU(  I  *  *(  EXP  !-2*T/  TAU!  1 )  1-1)  I 
10  CONTINUE 

C  SET  ALL  REMAINING  ALPHAS  EQUAL  TO  ALPHA ( IMAX ) 

ITEMP  *  I M AX ♦ 1 
00  15  1= ITEMP.2 1 

ALPHA!  I)  *  ALPHA!  IMAX) 

15  CONTINUE 
RETURN 
ENO 


no 


S'JdROUT  I  NE  PROF  I U ANDSA V ,  DS T OF F I 


*  *  *  *  * 

CONTAMINANT  TOLERANCE  PP'FILF 

•  *  *  *  *  # 

fluid  pcr‘ p  ffstaich  centfr 

n.S.u. 

*  *  *  *  * 

last  UPCATF  iOOH 1 4 

C 

0  IM  CNS  ION  AND  SA  V<  2,  1  8  I ,  )  ST  )Rt  <  1  81 

COMMON  /  8LK  1/  ALPHA!  2  It,  Cl  A  (  21  I  ,  .OP  (  22 )  ,  P(  V,  9 )  ,PF  D  •  N  SI  /  f  ,GN  JRH.DI 
1ST! fc,22l 

COMMON  /  BLK  2/  ALII  F,  TL  I!  E,  ANO,0,  IL  IFF  ,Q,PO 
ALIFE  =  1000.0 
00  260  K*l ,2 

On  215  1=1,  18 

AN0SAV(K,1  1=0 
215  CONTINUE 

LOCAL  =  2 
ANO  =  .Cl 
I..  1FE  =  1 
E'_  =  .3 
on  2^5  1-1*18 

RM1N  =  BL 

8M AX  =  BM  IN*. 5 

REOUC  =  .Cl  /(  RMAX-BMI  >,) 

0  *  OSTUiEt  1 1 

230  CALL  CCICIBMIN, BMAX, REOUC, OIFF, B~, 300, BL.BR.NN,  LOCAL! 

IF  I  IL  IFE  .EQ.2I  GUTT  235 
ILOG  =  A  LOG  1  01  AND  I 
IF  (ILOC.LT.OI  IL0G--IL0G-1 
ANI  =  2. C*1 0.»*I LCG 
ANO  =  ANO*AN I 
GOTO  2  30 

235  IF  1  ANO.  £0  .0.01  1  GOTO  255 

ANM  IN  =  ANO-AN  I 
ANMAX  =  ANO 
ANO  =  ANO-AN! /2. 

DO  245  J=  1,  25 

CALL  GCLOIBMIN,  BM  AX  ,  RE  OUC  ,  01 F  F,BGOOD,  BL ,  BR,  NN,  L  OC  AL  » 

IF  (  IL  IFE  .EQ.2  »  GOTO  240 
BM  IN  =  BL 

REOUC  =  1 .0E-3/IBMAX-BMIN) 

ANM  IN  *  AND 
GOTO  245 

240  IF  IOIFF/ALIFE.GE  .-0.011  GOT  3  250 

ANNA  X  *  A  NO 

245  ANO  *  (ANMAXPANMINl/2. 

250  IF  (J.LT.25I  AND  SAVI K , I  I  *  4N0 

IF  ( AND.GT.1.EM0I  GOTO  260 
ANC  *  A NC  ♦  ANI 
255  CONTINUE 

ALIFE  »  1000C.0 
260  CONTINUE 
RETURN 
ENO 
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FUNCTION  FX  (X) 

IF  (X.GT.5.)  GO  TO  10 
C=X*SQRT  (2  ./I  4  .  *AT  AN  t  1  .  1  )  1 
F  X=C 
N  =  2 
I  =  -l 
F  =1 

5  SUM  =  C*  I  I*X**M/(  2.**  I  N/2  l*F  *1  N*  111 

FX  =  FX  *SUM 

IF  (ABSI SUM/FXI  .LE .1  .£-8 )  GO  TO  15 
N  =  N  *2 
I  =  -I 

F  =F  *<  N/2  1 
GO  TO  5 
10  FX  =  1 

RETURN 

15  FX=0.5*FX/2. 

RETURN 

END 


SUBROUTINE  LIFE  (Oi.B.IP) 

COMMON  /  BL  K 1/  A IPFlA  I  2 1  1 , 01  A  I  2 1  1  .OP  (  22)  ,  PI  9,  9 1 ,  PF  0.  N  S 1 2  E.  GN  JRM,  0 1 
1STC6.221 

COMMON  /  BLK  2/  AL  IFF  .  T  L  IF  E ,  AND,  D  ,  IL  IF  E  ,  0 . P  0 
DIMENSION  FN( 10) 

IF  I  IP  .£Q  .2  I  GO  TO  10 
P01  =01 

DO  5  I *1 . NSIZE 

P  02=  ALOGI Dl 1*(-B*AL3G<01A(  111**21 
PO?  =  EX  ’  I  P  02  I 
FNf  1 1 -P01-P02 
5  P  01  =  P  02 

GO  TO  20 

10  00  15  l  =  l,NSUE 

15  FNI  I  1=  CP  I  I  l-OPI  1*1  1 

20  S  UM  =0 

DO  25  J*l  .NSUE 

IF  IFNIJ  l.LT.l.E-30)  f*MJ)  =  0. 

25  SUM  =  SUM*  ALP  FA  I  J)*FNIJI*FMJ1 

TL  IFE*((PFO«PO»/<  100. *yj)  1/(60.*  SUM) 

RETURN 

ENO 
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SUBROUTINE  COLO  ( XL ,  XR,  F ,  YB I G.  X  Bl  G.  XL  l ,  XR  1 ,  N,  LUC  All 
COMMON  /BLK 1/  ALPHA! 21 I  ,01 A (21  I ,DP«?2  I  ,  P  ( 9 , 9  1 ,  PF  D,  NS  12  E, ONORM,  01 
1ST (6,221 

COMMON  / 0LK2/  TL1FE, ALIFF, AND.O.ILIFE.O.PO 
N  =  0 

X  L  £  FT  =  XL 

X  R  l  GHT  =  XR 
SPAN-  XR  -  XL 

DEL  T  A=  ABS  (SPANI 
XI*  XL  *0  •  3  81  966*0ELTA 
X2=  XL  ♦  0.  6 1  8C34*  DEL  T4 
CALL  MER  IT  1  (XI, Y1  I 

IF  (ILIFE. EQ.l. AND. LOCAL.EQ. 21  03  TO  60 
CALL  MER  I T  1  (  X2.Y2I 

IF  (ILIFE. EQ.t.ANO. LOCAL  .EQ. 21  03  T3  6C 
N=N  +  2 

IF  (  ABS(  XL-XR  l-ABS(F*SPANM  36,35,20 
OELT A-0.6 1803 4* DEL  TA 
IF  (V1-Y2I  25,55,30 
XL=  XI 

X I  =  X  2 
Y  1  =  Y2 

X2=  XL»0.618034*JELT4 
CALL  MERIT1  (X2.Y2) 

IF  ((LIFE. EQ.l. AND. LOCAL.EQ. 21  GO  TO  SO 

N*N  +1 

GO  TO  15 

XR=X2 

Y 2-  Yl 

X  2  *  X  1 

Xl=  XL*0.  3  81  566*  DE  L  TA 
CALL  HER  IT  1  (  XI, YU 

IF  (ILIFE. EQ.l.AND. LOCAL .EQ. 21  03  TO  60 

N»N*1 

GO  TO  15 

IF  (Y2-Y1I  AO, 40,45 

YBI  G=  Y  1 

X  BI  G*X1 

GO  TO  50 

YBI  G»Y2 

XBIG*X2 

XL  1  *  XL 

XR  1  =  XR 

GO  TO  60 

XL«X1 

XR-  X2 

OELT  A-XR-XL 
GO  TO  10 
XL-  XLEFT 
XR-XRIGHT 
RETURN 
ENO 


SUBROUTINE  MERIT!  (B.OIFF) 

C  JMMON  / B LK 1/  ALPHA (211 , Cl  A ( 2 1  )  , OP ( ? 2  )  , Pt 9 ,9 ) , PF 0 , NS  1 Z E , GNORM,  01 
1ST ( 6,221 

COMMON  /eLK2/  AL  IFE,  TL IFE,  ANO.D, IL  IFE.fl ,P0 
01= ANO*EXP<  B*ALGG! 01**2  » 

I  L  I  F  E=2 

C  ALL  LIFE  (  Cl  ,9  ,1  ) 

IF  (TL IFE.GT.  l.Cl*AL  IFE  I  ILIFE=1 

0IFF*-A8S (TLIFE-AL  IF  E  I 

RETURN 

ENO 


SUB  ROUT  I NE  OUT (  I  AT  A, TEMP, VOL , ANJ, AXFLO ,QZERO, AN  I TAL , PR E S SU. R AT  1 0 ) 
DIMENSION  I ATA(  200) , PRES SU< 9)  ,RATM(9I 
WRITE  (9,  10  I  (  IATA{  I),  1=1,75) 

10  FORMAT!' 1RELIEF  VALVE  CONTAMINANT  SENSITIVITY  TEST  RESULTS  ' ///, 

♦  'OOATE  TESTED 10A1 , •  TEST  LOCATION:  FPRC-OSU  '/, 

♦  '  R  EL  IEF  VALVE  TESTED:  40A  1,  / 

♦  •  VALVE  TYPE :•  ,20A1 CSU-VALVE  N0.:',5Al) 

WRITE  (  9, 20  ITEMP, VOL ,  AN J  ,A XF LO , QZ E RO, AN  I TAL 

20  FORMAT!'  FLUID  TEMPERAT JRE: • , F5  .1,  »F  SYSTEM  VOLUME  :  •  ,F  4.  1,  •  LI  TTE 
♦RS',/  ■  TEST  FLUID:  MIL-L-2104  CLASS  10  GR AMS/ I NJ ECT ED  :',F4.1,/ 

♦  •  FLUID  VISCOSIY:  15.2  C  ST  GR4V. LEVEL:  100  PG/L  '/, 

♦  •  MAX  RATED  FLOW:', F5.1, 'GPP',/ 

♦  •  REF  FLOW  RATE:  «,F  5  .  1 ,  *G  P  M*  ,/ 

♦  '  INIT  IAL  REF  PRESSURE: ',F8.1,  »PS1 

♦  ///  'OSIZE  I NJEC  TEO' »  T20 , •  REF  PR ES SUR E' , T35, '  PRESSURE  DEGRADA 

♦  TION't/'  IN  ICROMETER  S  >•  »  T20,  •  (PSII  *,T35,'  RATIO*  » 

KOUNT  *5 

DO  30  1*1 ,9 

WR  ITE  !  9,25)K0UVT,PRESSU(  I  )  .RATIO!  I  ) 

25  FORMAT!'  0-', I 2 ,T2 2, F 8 . 1 , T 4 1, F8. 3) 

IF  (KOUNT. EO. 5)  KOUNT-O 
KOUNT “KOUNT ♦ 10 
30  CONTINUE 
RETURN 
END 
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SUBROUTINE  OUT2  I  1A T A , ANDSA V, DS T OR E ,JM4G) 

DIN  ENS ION  IATAI  2001, ANJS AVI 2,18l,DSTOREI18» 

WRITE  (9,  10  )(  IATAI  I  I,  1=  1,  75) 

10  FORMAT!*  1REUEF  VALVE  COFTANINANT  SENSITIVITY  DATA  INTERPRETATION* 

♦  ,///  •  DATE  TESTED:  *,  1CA  1,  •  TEST  LOCATION:  FPRC-OSU  * 

♦  ,/  •  RELIEF  VALVE  TESTED:  *,4041 

♦  ./  •  VALVE  TYPE  :*  ,  2  0A1  ,  *  CSU-V  4L  VE  N0.:*,5A1 

♦  ,///  •  RELIEF  VALVE  CONTAMINANT  TOLERANCE  PROFILE  *, 

♦  //  T  20 , •  100C  HOUR*,  T 35 ,* 10,000  HOUR*, 

♦  /  '  PARTICLE* , T20,*  NO.PARTICLE  S*  *T35, 'NO. PART ICLES*  ,/ 

♦  '  SIZE.  MIC.  *,T20,  '>S  IZE/ML.  *,  T  35,  •  >SIZE /ML.  •  I 
WRITE  (9,2011 DSTOREI  II, ANOSAVIl  ,i I .ANOSAVI 2,  1 1, 1*1, 181 

20  FORM  AT  I  1  H  .0PF5.1  ,  T 1  6 , 1PE  1  3.  4,  T  33 ,  1  PE  1  3.  41 

IF  (OMAG.LT .1  .5  I  WRITE  19,30)  OMAG 
IF  (  OMAG. GE. 1.5)  WK  I  T  E(  9  ,4  0  )  C**AG 
30  FOR  MAT  I // /T 20,  «  TEST  OMEGA  =  • , F6. 4/// ///) 

40  F OR M AT  ( / / / T 20  , '  TEST  OMEGA  =  •  , F6 . 1////// ) 

RETURN 

END 


SUBROUTINE  CMAG A( S I Z EX , NUMY , B E T A) 

DIMENSION  SIZEXI  18I,NUMY(18I 
IF  INUMYm.LT.  3.0 1  GOTO  1010 
SLOPE* -2. 64 
YSEC=7.81 
J  =  1 
1*0 

950  1*1*1 

SLUPEX* I NUM Y1 1*1  I -NUMY I  I  ) ) / I S I Z EX  I  I ♦ 1 1  -S I Z EX  I  I ) ) 
IF  ISLOPEX.LT  .-3. 82)  GOTC  950 
1=1-1 
960  1=1*1 

970  YFL  T=SLOPE*(SIZEX!  I  )  )*YSE: 

DD=Y  FLT-NUMY I  I ) 

IF  IDO. LE. 0.0)  GOTO  980 
J=J  *1 

IFIJ.LE.10)  GOTO  971 
IF  I J.GT.IO.ANO.J.LE.19)  GOTO  972 
IF  U.GT.19.AND.J.LE.27I  GOTO  973 
IF  IJ.GT.27.AN0.J.LE .36)  GOTO  974 
IF  (J.GT.36.AND.J.LE.45)  GOTO  975 
SLOPE* -3.43-10.32/9.01*1  J- 45) 
YS£C*3.60-10.68/9.0)*IJ-45 ) 

GOTO  970 

971  SL0PE--2  .  64-10. 06  /9  .  0I*IJ-1) 

YSEC-7.81-IC.93 /9.0 I *1 J- 1 ) 

GOTO  970 

972  SLOPE* -2. 70-10. 29/9.01*1 J-10) 

VSEC  *6.88-1 C. 72 /9.0) • IJ-IO ) 

GOTO  976 

973  SLOPE— 2 .99-10  .03/8.01*1 J- 191 
YSEC-6. 16-10. 97/8.01*10-19) 

GOTO  970 

974  SLOPE" -3 *02-10 .31/9.0 1*1 J-27 I 
VSEC- 3. 19- 1 0.68/9. 01  *IJ- 27) 

GOTO  970 

975  SLOPE— 3. 33-10. 10/9.01*1 J-36) 
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YSiC=4.51-IC.91/9.0l*(J-  361 
GOT  )  <5  70 

9 BO  YNE  XT=  SLOPE**  S  UEXI  l  *1  I  »*YSfC 
DNF  XT- YN  EX  T-NUM  Y(  I  »1  ) 

I  F  I  LO.LT. ONE  XT  )  G  JTTT  9oO 

IF  IOC.L  T.-C.2  I  GOTO  990 

If  (J.LE.IOI  BETA=  1 .01*0  .Oi*(  J  -  II 

If  I J.GT. 1 C.ANO. J. LF .19 1  8T  T A  =  l  .  L 0  *  0 . 1  *  I  J -  1 0  I 

IF  (  J  .GT  .19  .ANT  ,J  .L  t  .  2/1  ft  t  T  A  =  2  .0*  1 . 0*  t  J-  1  91 

IF  (  J  .  GT  .27  .AMO  .J.Lfc  .  3*>  •  fi  E  T  A=  1 0 .  *  I  J-  2  6  ) 

IF  ( J .GT . 36. AND. J. LF .99  I  8F TA  =  1 00. M J- 35 1 
IF  (J.CT.45J  OETA= IPCC. *(J-44) 

X  9,  =  AME  4N-SC 
GUT')  1030 

990  »  RI  T  F  (9,  995  I 

995  F1HMATI'  f,  I  ST  8  I  BUT  10  A  1  G  '1JT  f'F  R  A  1 G  F  •  I 
GOTO  1030 
1 o; 3  WRIT  £  (9,995  1 
1 C  30  C  JUTIMJE 
F  ET  URN 
F  NO 


SUBROUTINE  LI  F(  ANOO*'  ,ANJ15  ) 

COMMON/ RL  K  1  /ALP  hAI  2  11 , 3  I  A<  2  1 1  ,  DPI  2  ’I  ,P  (  9,  9|  ,  PF  J  ,  NS  I  2E  ,  ON  OR  M ,  DI  S  T  ( 6 
*,221 

C  JMM0N/RLK2/  AL  IF  F  .  T  L  IF  E  ,  AN  D,  0,  IL  If  E.  J,  PO 
OIMFNS  ION  FNI  2  1  I 
0=ALQG(ANOO5/ANC15I/4  .7,32 
01  =  AN 005 /EXP (-8*2.5903  I 
POl =01 

00  5  1=1  ,NS  IZE 

P  02=01* EXP<-B*AL 1GOIA lit l**2l 
FNI 1 1  =  P  Cl -P02 
P  0 1  =  P  0  2 
5  CON  T  INUE 
SUM=0  . 

00  25  J=  1 ,  NSI  ZE 

I  F  (FNI  J  I  ,LT  .1  .E-301  F  \  { J  1  =  0. 

SUM=SUM*ALPHA(J)*FN(J I  *FN  I  J  1 
25  CONTINUE 

TLIFE=  IIPFC  *P  01/11 00. *til  1/(60.*  SOM  I 

R  ETURN 

END 
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CHAPTER  XI 


A  GENERAL  COMPARISON  OF  THE  CONTAMINANT 

SENSITIVITY  OF  DIRECT-ACTING  AND  PI  LOT- OPE RATED  RELIEF  VALVES 

This  chapter  presents  a  general  discussion  of  the  effects  of  con¬ 
taminant  on  the  performance  of  the  relief  valves  which  have  been  tested 
during  this  project.  The  format  will  be  to  discuss  the  contaminant 
sensitivity  of  direct  acting  relief  valves,  the  contaminant  sensitivity 
of  pilot-operated  relief  valves,  and  finally  a  direct  comparison  of 
both.  The  latter  segment  will  consist  of  the  test  results  which  have 
been  generated  during  the  testing  period  along  with  the  data  inter¬ 
pretation  results  by  the  methods  described  in  Chapter  VI-X. 

The  relief  valves  which  have  been  evaluated  using  the  new  test 
method  (Chapter  V)  were  donated  by  nine  separate  manufacturers.  Of  the 
eleven  valves  evaluated,  four  were  direct  acting  valves,  and  the  re¬ 
maining  seven  were  pilot  operated  valves. 

The  degradation  characteristics  which  the  direct-acting  relief 
valves  exhibited  were  relatively  consistent  for  all  four  valves.  For 
each,  contaminant  wear  resulted  in  the  gradual  reduction  of  the  entire 
pressure/flow  characteristics  of  the  valve  from  the  original  values. 

In  other  words,  the  pressure/flow  profiles  following  injections  of 
contaminant  were  similar  in  shape  to  the  original  profile,  except  for 
the  magnitude  of  the  pressure  at  the  same  relief  flow. 

An  example  of  the  pressure/flow  degradation  for  a  direct-acting 
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relief  valve  is  shown  in  Fig.  1 1  - 1 .  Degradation  of  this  type  aoes  not 
pose  an  immediate  threat  to  the  proper  operation  of  a  system.  The  major 
problem  is  the  increase  in  leakage  flow  which  results  from  contaminant 

w  c*  d  r . 


Because  fluid  power  users  are  working  to  increase  trie  energy 
efficiency  of  systems,  this  type  degradation  cannot  he  toieruted  due 
to  the  resulting  increase  in  power  loss  which  this  degradation  causes. 

A  final  comment  on  the  contaminant  sensitivity  of  direct-acting  relief 
valves  deals  with  phenomenon  of  contaminant  lock.  This  was  explained 
in  earlier  sections  to  be  practically  non-existent  for  direct-acting 
valves.  This  proposition  was  verified  by  the  direct-acting  valves  which 
were  tested.  Therefore,  of  the  two  modes  of  contaminant  sensitivity, 
contaminant  wear  effects  are  the  most  detrimental  to  the  proper  operatior 
of  direct-acting  relief  valves. 

Considering  the  contaminant  sensitivity  of  pilot-operated  relief 
valves,  due  to  their  self-regulating  properties,  these  valves  were 
observed  to  have  more  problems  than  direct-acting  valves.  Contaminant 
wear  was  seen  to  have  marked  effects  on  the  performance  of  pilot- 
operated  valves.  Fig.  11-2  and  11-3  illustrate  the  degradation  of  the 
pressure/flow  profiles  for  two  different  kinds  of  pilot-operated  valves. 
For  those  valves  which  exhibited  the  pressure/flow  characteristics 
similar  to  Fig.  11-2,  the  initial  portion  of  the  pressure/flow  profile 
was  observed  to  degrade  more  severely  than  the  flat,  level  portion  of 
the  curve.  For  these  valves,  obviously,  the  pilot  stage  of  the  valve 
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CLEAN  FLUID 
0-10  pm 
0-40  pm 
0-70  pm 
0-80  pm 


ffl 


FLOW  RATE  (Ipm) 

Performance  Degradation  of  a  Pilot-Operated  Re 
Due  to  Contaminant  Wear 


Typical  Performance  Degradation  of  a  1 ct-Operated  Relief  Valve 
Due  tc  Contaminant  Wear 


is  the  first  to  be  effected  by  contaminant  wear.  Because  this  stage 
of  the  valve  is  essentially  a  direct-acting  relief  valve,  its  wear 
tendencies  are  similar  to  those  of  separate  direct-acting  valves. 

Pilot  operated  relief  valves  are  generally  selected  for  use  in 
systems  requiring  a  constant  level  of  system  pressure.  Because  of  the 
alteration  of  the  pilot-controlled  segment  of  the  pressure/flow  profile, 
the  consistent  pressure  characteri sties  of  these  valves  are  destroyed. 

For  those  valves  exhibiting  the  pressure/flow  characteristics  sim¬ 
ilar  to  Fig.  11-3,  performance  degradation  due  to  contaminant  wear  was 
also  observed  to  occur  in  a  consistent  manner.  With  these,  as  with 
direct-acting  valves,  the  degraded  pressure/flow  profiles  are  very 
similar  to  the  original  profile  before  wear,  the  major  difference  being 
the  degraded  pressure  levels  for  the  same  relief  flow.  The  increased 
power  losses  are  subsequently  the  major  concern  due  to  this  type  per¬ 
formance  degradation. 

One  point  concerning  the  contaminant  sensitivity  of  pilot-operated 
valves  which  is  drastically  different  than  direct-acting  valves  is  the 
contaminant  lock  sensitivity.  In  several  valves  which  were  tested  after 
the  pressure  was  reduced  following  a  period  of  high  pressure  at  which 
the  relief  valve  was  completely  open,  the  control  elements  inside  the 
valve  would  not  return  to  their  normal  positions.  This  resulted  in  two 
effects;  1)  pressure  could  not  be  built  in  the  system,  and  2)  even  for 
extremely  low  pressures,  sizable  quantities  of  fluid  would  pass  through 
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the  valve.  This  condition  probably  was  the  result  of  the  main  control 
piston  of  the  valve  silting  in  its  extreme  open  position.  This  can  ex¬ 
plain  both  characteristics  above.  The  silt  can,  however,  be  eliminated 
by  agitating  the  valve  body  in  such  a  way  that  lateral  vibration  is 
applied  to  the  main  control  spool  or  piston.  Although  the  occurrence 
of  a  silt  in  moderately  clean  fluid  is  almost  negligible,  this  suscept¬ 
ibility  should  not  be  overlooked. 

Thus,  for  pilot-operated  relief  valves,  although  contaminant  lock 
is  a  real  possibility,  contaminant  wear  is  an  inevitable  occurrence 
and  thus  demands  the  more  serious  consideration. 

As  an  initial  statement  concerning  the  relative  sensitivity  of 
pilot-operated  and  direct-acting  relief  valves,  in  general,  pilot- 
operated  valves  are  more  seriously  damaged  due  to  fluid  contaminants. 

To  illustrate  this  point.  Fig.  11-4  shows  the  pressure  degradation 
ratios  versus  contaminant  size  per  injection  for  the  11  relief  valves 
tested.  Close  examination  of  this  plot  reveals  some  interesting 
statistics.  For  those  valves  tested,  the  only  ones  which  degraded 
more  than  20%  over  the  entire  course  of  the  test  were  pilot-operated 
valves.  This  provides  for  the  reasonable  conclusion  that  pilot- 
operated  valves,  in  general,  are  more  sensitive  to  contaminant  than 
direct-acting  valves. 

To  determine  particle  size  sensitivity,  the  order  in  which  the 
test  valves  degraded  more  than  10'  was  considered.  Fig.  X I  -  5  ill us- 
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Fig.  11-5  Contaminant  Size  Effects  Analysis 


X 


trates  this  analysis.  Those  valves  which  are  direct-acting  have  been 
circled  to  distinguish  them  from  the  pilot-operated  valves.  As  can  be 
seen,  the  first  relief  valve  to  degrade  10%  was  a  pilot-operated  design. 
This  occurred  after  an  injection  of  0-10um  contaminant.  Only  after 
an  injection  of  0-40pm  contaminant  did  a  direct-acting  valve  degrade 
to  this  extent.  The  majority  of  the  direct-acting  valves  which  degraded 
more  than  10%  did  so  only  after  the  contaminant  injection  of  0-70um. 

In  comparison,  by  this  size  injection,  all  of  the  pilot-operated  valves 
which  degraded  10%  had  already  done  so.  This  occurrence  points  to  the 
conclusion  that  the  pilot-operated  valves  which  were  tested  were  more 
sensitive  to  small  size  contaminant  particles  than  the  direct-acting 
valves  which  were  tested. 

Proceeding  to  the  illustration  of  the  computer  aided  evaluation 
of  the  test  resuHs.  fig.  11-6  presents  the  computer  generated  1000 
nour  contaminant  tolerance  profiles  for  all  of  the  valves  which  were 
tested.  The  most  important  point  which  should  be  drawn  from  the  obser¬ 
vation  of  this  graph  is  the  variations  in  the  tolerance  profiles 
for  each  valve.  In  no  instance  to  two  valves  display  the  same  con¬ 
taminant  tolerance  profiles.  This  is  consistent  with  the  results  of 
the  actual  degradation  data  illustrated  in  Fig.  11-4.  As  discussed 
in  Chapter  VIII,  these  profiles  can  be  used  to  select  the  beta  ten 
filters  which  can  adequately  protect  the  valve  in  question.  These 
filter  values  are  referred  to  as  the  omega  values.  The  omega  values 
for  all  the  valves  which  were  tested  are  presented  in  Table  11-7.  Also 
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listed  in  the  table  is  the  relative  ranking  of  these  valves  in  com¬ 
parison  to  the  others.  Because  the  omega  value  represents  the  degree 
of  sensitivity  to  small  contaminant  particles,  those  valves  which 
displayed  a  low  omega  rating  can  therefore  be  considered  to  be 
relatively  insensitive  to  small  particles.  At  the  other  extreme, 
those  valves  with  high  omega  ratings  are  extremely  sensitive  to  small 
contaminants  and  thus  are  much  harder  to  protect  in  the  field. 

Briefly  summarizing,  this  chapter  has  presented  the  test  results 
from  11  relief  valve  contaminant  sensitivity  tests  conducted  as  de¬ 
scribed  in  Chapter  V.  This  consisted  of  a  direct  degradation  versus 
contaminant  size  analysis  and  a  computer  generated  contaminant  tol¬ 
erance  profile  for  each  valve.  This  method  provides  a  powerful  new 
tool  for  hydraulic  engineers  and  designers  in  the  selection  of  quality 
components. 
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CHAPTER  XII 


RECOMMENDATION  AND  CONCLUSION 

The  conclusions  which  have  been  drawn  as  a  result  of  this  re¬ 
search  effort  can  be  summarized  as  below: 

1.  The  previously  used  relief  valve  contaminant  sensitivity 
test  and  assessment  procedure  are  unfit  for  industry  stand¬ 
ardization  and  as  such  should  no  longer  be  considered  viable 
alternatives  for  relief  valve  contaminant  sensitivity  studies. 

2.  Although  pressure  relief  valves  are  susceptible  to  the 
occurence  of  contaminant  lock,  this  form  of  contaminant 
sensitivity  is  much  less  harmful  to  the  long-term  operation 
of  these  valves  than  the  ever-existant  contaminant  wear 
process. 

3.  Of  the  two  modes  of  contaminant  wear  which  occur  in  relief 
valves,  erosive  wear  effects  have  been  determined  to  be 

much  more  significant  than  the  effects  of  three-body  abrasive 
wear. 

4.  The  Relief  Valve  Degradation  Theory  presented  in  Chapter  VI 
accurately  represents  the  performance  degradation  of  relief 
valves  due  to  contaminant  wear  effects.  Therefore,  this  theory 
should  be  the  basis  for  any  subsequent  assessment  procedure 
for  the  contaminant  sensitivity  of  relief  valves. 

5.  Generally  speaking,  for  those  relief  valves  which  were  tested, 
pilot-operated  designs  were  observed  to  be  more  sensitive  to 
fluid  contamination  than  direct-acting  designs. 
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Because  the  Relief  Valve  Contaminant  Sensitivity  Assessment 
Procedure  presented  in  this  report  adequately  fulfills  all  of  the 
objectives  proposed  for  this  contract,  it  is  recommended  that  it 


be  considered  as  a  Military  Specification  test  procedure.  It  is  also 
highly  recommended  MERADCOM  provide  additional  funding  so  that  this 
technique  can  be  promoted  through  SAE  subcommittee  by  the  FPRC  for 
acceptance  as  an  SAE  recommended  practice. 
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